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      Tourmalinites from a well-developed meta-evaporite sequence in the Neoproterozoic 
Duruchaus Formation of central Namibia contain tourmalines with chemical and textural 
features that are excellent recorders of their environment of formation. Unlike most other 
meta-evaporitic deposits, this tourmalinite locality exhibits only minor deformation. The 
tourmalinites form as finely laminated units ca. 1 m thick within a sequence of quartzites, 
mica schists, dolomitic marbles, and carbonate breccias. Well-preserved pseudomorphs 
are considered to replace a variety of evaporitic minerals. The meta-sedimentary rocks of 
the Duruchaus Formation have been interpreted as representing lacustrine, playa lake, 
fluvial, and non-marine evaporite deposition in an intracontinental rift that developed as a 
consequence of the initial breakup of the Rodinia supercontinent (~800-740 Ma). 
  Three localities (Gurumanas West, Gurumanas Oos and Farm Stolzenfeld) contain 
distinct types of tourmalinites. The Gurumanas West locality contains two generations of 
dravitic tourmaline in the tourmalinites. The initial generation of tourmaline is complexly 
zoned and reflects the aluminous nature of the associated rock layers. The second 
generation tourmaline is magnesian (Na0.50-0.75Fe0.08-0.79Mg2.27-2.67Al5.86-6.17Si6O18 (BO3)3 
(OH)3O) and developed after a reactive fluid entered some layers resulting in partial 
replacement of first generation tourmaline (Na0.77-0.93Fe0.60-1.13Mg1.98-2.47Al5.78-5.99Si6O18 
(BO3)3 (OH)3O) with second generation tourmaline.  The Gurumanas Oos locality has 
carbonate-bearing tourmalinites with tourmaline chemistries similar to Gurumanas West. 
There is a quartz-tourmaline vein that cuts the tourmalinites in which the vein tourmaline 
inherits the chemistry of the host tourmalinites. The carbonate minerals exhibit complex 
zoning and replacement textures consistent with influx of a reactive fluid. The 
 v
tourmalinites from Stolzenfeld have a compositional signature (Fe3+-rich, Al-poor 
tourmaline) similar to those of other meta-evaporitic tourmalinites worldwide. There is 
not necessarily a single type of tourmaline mineral chemistry that indicates meta-
evaporitic provenance. 
Application of calcite-dolomite, Ti-in-biotite and Zr-in-rutile geothermometers reveal 
the maximum temperature during metamorphism (~700ºC). Based on distinct boron 
isotope values for tourmalines, the origin of tourmalinites in Stolzenfeld is interpreted as 
being formed after a B-rich marine incursion into an early non-marine rift evaporite 
sequence whereas the tourmalinites in the Gurumanas area involved the interaction with 
the late-stage, fluid-rich mushes which play an important role in the thrusting and nappe 
formation. 
 vi
CHAPTER 1 INTRODUCTION 
1.1 Tourmalinites and Their Significance 
      Tourmalinites are stratabound rocks that contain in excess of 15 to 20% tourmalines 
by volume (e.g. Nicholson 1980, Slack 1982). Such rocks were often overlooked by early 
workers, having been erroneously mapped as amphibolites, chert or 
carbonaceous/graphitic sediments (Slack 1996). Even where properly recognized, early 
workers neglected most tourmalinites because they were assumed to be unimportant 
metasomatic products of granitic intrusion or regional metamorphism. Since the early 
1970s, studies by Abraham et al. (1972), Ethier and Campbell (1977), Slack et al. (1984), 
Plimer (1988), Slack et al. (1993b), and Steven and Moore (1995) and others have shown 
that tourmalinites form minor, but common rock types in many metasedimentary and 
metavolcanic terrains. Further, stratabound tourmalinites have been associated with 
economically important accumulations of Cu, Au, and U and can be related to the 
formation of hydrothermal vein mineralization and base-metal deposits (Slack 1996). 
However, the origin of tourmalinites has been controversial for over three decades.  
      The most plausible tourmalinite-forming processes include: (1) premetamorphic 
replacement, (2) syngenetic-exhalitive origin, (3) colloidal and/or gel-related formation, 
(4) evaporitic development, (5) contact metasomatism and (6) regional metasomatism 
(Slack 1996). Consequently, an investigation of tourmalinites in a setting that isolates 
these processes is timely. Tourmalinites found in the Damara Belt of central Namibia are 
clearly associated with metasediments originally developed in an evaporitic setting and 
may provide insights into the development of this type of tourmalinite. 
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      Tourmaline within the tourmalinites is the key constituent that has the potential to 
yield significant information on the development of this type of tourmalinite. Tourmaline, 
a complex borosilicate is a very useful petrogenetic indicator mineral whose chemical 
and boron isotopic composition have been used successfully to discriminate among 
different environments of tourmaline formation and possible boron sources (e.g. Henry 
and Guidotti 1985, Jiang 1998, Frimmel 2001).  
1.2 Significance of Neoproterozoic Tourmalinites from the Damara Belt of Central  
      Namibia   
 
      The record of Precambrian evaporite deposits is sparse, largely because primary 
evaporite minerals generally do not survive even at low-grades of metamorphism (Miller 
1983a). In addition, post-depositional metasomatism and/or deformation commonly 
obliterate primary textural and geochemical signatures. The Southern Margin Zone of the 
Damara Orogen is of special interest in this study because it contains well-preserved 
Neoproterozoic meta-evaporitic deposits in the Duruchaus Formation of the Damara Belt 
in central Namibia (Fig. 1.1). Within the clearly evaporitic metasediments are a series of 
conformable tourmalinites (Behr et al. 1983). This sequence of rocks provides a rare 
glimpse at some of the primary sedimentary features (e.g. fine lamination of rocks, the 
occurrence of desiccation cracks and syneresis structures, and the abundantly occurring 
of pseudomorphs, associated with the deposition of evaporites during a relatively unusual 
period in Earth history - just prior to the proposed massive glaciation of a “snowball 
Earth” (e.g. Sankaran 2003, Eyles and Januszczak 2004). 
      Another significant aspect of the Duruchaus Formation is the influence that the 









Figure 1.1: Main structure units of Damara Belt, Namibia, Southern Africa (Modified 






(Porada and Behr 1988). The evaporite unit is considered to have been the source of 
overpressured fluids that significantly reduce the effective stresses by producing a 
mechanically weak unit (fluid-rock fragment mush) on which south-verging nappes have 
traveled (Schmidt-Mumm et al. 1987.). In turn, the fluid-rich mush cross-cuts portions of 
the Duruchaus Formation and interacts with the meta-evaporites (Weber and Ahrendt 
1983, Collins et. al. 2005, Viola et. al. 2006). Locally, there are quartz-tourmaline veins 
that cut the tourmalinite horizons. Hence, the evaporitic sequences have important 
implications for the structural development of the Damara Orogen, and the late structural 
convergence may have local influences on the texture and mineral chemistry of the meta-
evaporites. 
1.3 Purpose of Study 
      The purpose of this study is multifaceted. The primary emphasis of the study will 
involve examination of tourmaline found in the well-preserved meta-evaporites of the 
Damara Orogen of central Namibia. This will include textural and mineral chemical 
characterization of tourmaline (chapter 4) and comparison of tourmalines and 
tourmalinites from several localities within the Damaran Orogen as well as to similar 
meta-evaporite settings found worldwide (chapters 4 and 5). This will establish the 
chemical parameters and substitution mechanisms for tourmaline developed in this kind 
of chemical environment. Additionally, the textures and mineral chemistry of the 
carbonate and associated minerals (chapter 4) in tourmalinites will be examined to 
constrain the nature of the metamorphism and localized deformation that affected these 
rocks.  
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      The tourmalinites associated with meta-evaporites in this setting will allow several 
hypotheses to be tested: (1) tourmaline from meta-evaporite deposits has a unique 
mineral chemistry signature; (2) late-stage fluid-rich mushes interact and influence the 
chemistry and texture of the tourmaline; (3) tourmaline in cross-cutting quartz- 
tourmaline veins inherit the chemistry from the host tourmalinites; (4) Duruchaus 
tourmalinites are the result of diagenetic processes associated with the incursion of B-rich 
marine evaporitic waters into a former non-marine evaporite sequence. To test these 
hypotheses, extensive crystal chemical and textural studies were completed.   
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CHAPTER 2 BACKGROUND 
2.1 Overview of Geologic Studies of the Neoproterozoic Damara Orogen  
      An intensive, coordinated research effort across the Damara Orogen in central 
Namibia started in 1974 as part of the South African contribution to the International 
Geodynamics Project (Miller 1983a). Since the initial effort, knowledge of the Damara 
sequence has increased steadily during the last three decades, particularly in areas of 
sedimentology and stratigraphy, igneous and metamorphic petrology, structure and 
tectonics, and economic geology. The sediments and stratigraphy of the Damara 
sequence, particularly the meta-evaporitic section, has been described and interpreted by 
a number of workers including: Behr et al. 1983a, 1983b, Hoffmann 1983, 1987, 1990, 
Porada and Witting 1983, Brandt 1985, Breitkopf and Maiden 1987, Swart 1987, 1990, 
Badenhorst 1987, 1988, De Kock and Botha 1989, Loffler 1990, Kukla et al. 1990 and 
Stanistreet et al. 1991. In addition, more detailed examinations have concentrated on 
tourmalinites associated with the Damara sequence of metasediments (e.g. Behr et al. 
1983a, 1983b, Badenhorst 1988, and Schmidt-Mumm et al. 1990). These investigations 
conclude that these tourmalinites are interpreted as lacustrine and playa-lake sediments 
deposited in a deep, generally non-marine, continental rift basin.  Igneous and 
metamorphic petrologic studies of the rocks involved in the Damara Orogen establish the 
regional and tectonic controls on their evolution (e.g. Kasch 1983a, Horstmann et al. 
1990, Masberg et al. 1992, Goscombe et al. 2004, Will et al. 2004).  
      The structural and tectonic setting of the Late Proterozoic rocks of Namibia and its 
relation to global tectonic reconstructions have been investigated by many (e.g. Martin 
and Porada 1977, Porada 1979, 1983, 1989, Kröner 1982, Miller 1983a, 1983b, Martin et 
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al. 1985, Hartnady et al. 1985, Henry et al. 1986, 1988a, 1990, Prave 1996, Kusky et al. 
2003, Alexander et al. 2004, Johnson et al. 2005 and Collins and Pisarevsky 2005). More 
specifically, the unusual nature of the fluids in the meta-evaporites, the mobilization of 
the meta-evaporites and their influence on the tectonics of the Damara Orogen have been 
examined (e.g. Behr and Horn 1982, Behr et al. 1983b, Weber and Ahrendt 1983, 
Schmidt-Mumm et al. 1987, Viola et al. 2006). Finally, the relationship between 
evaporite formation and economically significant base metal sulfide and uranium 
mineralization has also been considered (e.g. Uhlig 1987, 1989, Chetty and Frimmel 
2000, Nex 2001).   
2.2 Geological Timeline for Rifting, Sedimentation and Orogenesis of the Damara     
      Orogen 
      The Damara Orogen of Namibia forms part of a series of major upper Proterozoic to 
lower Paleozoic belts that have been recognized in all continents of the southern 
hemisphere. On the African continent these belts are called the Pan-African Belts (Porada 
and Behr 1988). The Damara Orogen consists of two belts that have been superimposed 
(Porada and Behr 1988). One is a 400 km-wide, north-east-trending, intracontinental 
branch called the Damara Belt (Figs. 1.1 and 2.1). The other belt is a 150 km wide, north-
south-trending coastal branch (Kaoko Belt) which parallels to present-day Atlantic Ocean 
coast line (Miller 1983a). The system of belts is considered to have been continuous with 
the Gariep and Malmesbury Belts to the south, and the West Congo and, possibly, 
Dahomeyan and Pharusian belts to the north (Fig. 2.1) (Miller 1983a). However, this 
series of Pan-African orogenic belts are not necessarily contemporaneous and have 
undergone deformation, magmatism and metamorphism from 800 to 450 Ma (Kusky et 









Figure 2.1:  Configuration of the Upper Proterozoic Pan-African mobile belts system 
(After Martin and Porada 1977) showing the location of Damara Belt. 
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history of break-up and collisional/accretionary orogenesis that ultimately resulted in the 
current configuration of the African continent. 
The metasedimentary rocks found in southern portion of the Damara Belt were 
initially developed as clastic and evaporitic sediments associated with the rifting and 
breakup of the supercontinent of Rodinia and, ultimately, were involved in the 
continental collision and assembly of the supercontinent of Gondwanaland. The tectonic 
evolution of the Damara orogenic cycle started at about 800-740 Ma with an early rifting 
stage and attendant rift-basin sedimentation of the Kalahari Craton (e. g. Martin 1983; 
Frimmel et al. 1996, 2001). It ended at about 450-440 Ma with the last minor plutonic 
intrusions and associated cooling events (Haack et al. 1983, Hawkesworth et al. 1983). 
The current Damara Orogenic Belt formed as a consequence of high-angle collision 
between the Congo and Kalahari Cratons during the assembly of Gondwanaland at about 
535-505 Ma (Hoffmann 1983, Porada and Witting 1983, Collins and Pisarevsky 2005). 
Recent geochronological evidence suggests that the Kalahari and Congo Cratons 
developed independently until their ultimate collision (Johnson et al. 2005). A timeline of 
significant geologic events that may have affected the rocks of the Damara Orogen is 
presented in Table 2-1.  
2.3 Structural Zones of the Damara Belt 
      Based mainly on stratigraphy, metamorphic grade, structure and geochronology, the 
Damara Belt can be subdivided into Northern, Central, Southern and Southern Marginal 
Zones (Miller 1983b, Fig. 1.1). Alkaline volcanic rocks are characteristic of the Northern 
Zone with a southward transition of sedimentary rocks to deep water facies rocks, a 
single intense deformational phase, low-grade metamorphism and intrusive granites along  
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Table 2-1: Primary geologic events associated with the evolution of the Damaran orogeny   
 
Time (Ma) Event Reference 
 
~800-740 
Intracontinental rifting (breakup of Rodinia) 
and initial deposition of rift-related 
sediments on the margin of the Kalahari 
craton 
 
Porada (1988), Frimmel et 
al. (1996, 2001),  




Sturtian continental glaciations and 
deposition of diamictite of the Chuos 
Formation (Swakop Formation) above the 





Frimmel (2004), Halverson 
et al. (2005) 
663-632 Marinoan continental glaciations (possible 
snowball Earth glaciation) 
 
Halverson et al. (2005) 




570-530 Early folding of the Nama Beds prior to 
nappe emplacement with low grade 
metamorphism (537-532 Ma) 
 
 
Ahrendt et al. (1977),  
Miller (1983) 
535-505 Collision of the Kalahari and Congo cratons 
and assembly of Gondwanaland with 
attendant Barrovian style metamorphism 
and hot nappe emplacement 
 
Hoffman (1983), Coward 
(1983), Jung and Mezger 
(2001), Goscombe et al. 
(2004),Collins and 
Pisarevsky (2005) 
494-492 Cooling ages of the higher temperature 
regions of the nappes 
 
Weber et al. (1983) 
480-460 Cooling ages for regional metamorphism in 
southern zone 
Haack et al. (1983), 
Weber et al. (1983) 
450-440 Final plutonic activity in the Damara 
Orogen 
 
Haack et al. (1980), 




the southern edge of the Northern Zone (Miller 1983b). Sedimentation in the Northern 
Zone was accompanied by bimodal alkaline magmatism with emplacement ages from 
840 Ma to 730 Ma (Weber 1983). The Northern Zone is considered to have evolved on 
the margin of the Congo craton (Goscombe et al. 2003).  
      The Central and Southern Zones have been interpreted as half-grabens on the margin 
of the Kalahari Craton (Porada and Behr 1988). The Central Zone is characterized by 
voluminous syn- to post-tectonic granitic intrusions, and it is separated from the Southern 
and Southern Marginal Zone by the Okahandja Lineament, a distinctive strike-slip 
boundary in the Damara Orogen (Miller 1979, Dürr and Dingeldy 1996). The Okahandja 
Lineament marks major changes in the stratigraphic succession, structural style, and age 
of earliest deformation. The metamorphism started at about 550 Ma and culminated at 
500 Ma from greenschist facies to amphibolite facies (Miller 1979, 1983a, Porada and 
Witting 1983, Corner 1983, Green 1983). Large quantities of mafic and felsic volcanics 
are associated with Nosib sediments in Southern Zone (Porada and Behr 1988).  
      Significant occurrences of evaporates from alkaline or playa lakes have been found 
primarily in the southern rift margins included in the Southern Zone and Southern 
Marginal Zone. Deformed together with the Southern Zone, the Southern Marginal Zone 
is up to 70 km wide and extends along the entire length of the southern margin of the 
Damara Orogen (Fig.1.1) and has involved both pre-Damara sequence and a continental 
margin-type facies of the Damara sequence (Miller 1983a). 
2.4 Metasedimentary Rocks of the Southern and Southern Marginal Zones of the  
      Damara Belt       
      The Damara metasedimentary rocks of the Southern and Southern Marginal Zones, 
including the meta-evaporites of this study, are part of an unconformable cover sequence 
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on a basement complex of Paleoproterozoic (2000-1200 Ma) high-grade gneisses (Martin 
1965, Miller 1983b, Haack and Martin 1983). The metasediments of the Damara 
Sequence are subdivided into the Nosib, Swakop and Otavi Groups (South African 
Committee for Stratigraphy 1980). Of particular interest to this study are the well-
exposed series of metamorphosed Neoproterozoic non-marine alkaline lake or playa 
deposits found in southern Namibia in the evaporite-rich Duruchaus Formation, the basal 
formation of the Nosib Group (up to 6000 m thick) (Behr et al. 1983ab). The Duruchaus 
Formation includes an evaporite succession associated with playa lake and sabkha 
deposits preserved at the northwest margin of the Kalahari Craton (Frimmel et al. 1996, 
Evans 2005). Within the Nosib Group there are thick sequences of quartzites and minor 
conglomerates in the Kamtsas Formation which represent a fluviatile unit that overlies 
and interfingers with the Duruchaus Formation (Porada and Behr 1988). 
      A conceptual model for the development of the Damara succession in the Southern 
Marginal Zone involves a progression from continental rifting and rift-basin formation to 
intense compressional deformation and nappe formation intimately involving the meta-
evaporites (Fig. 2.2). As suggested by Behr and Horn (1982), the progression involves: 
(1) rifting producing half-grabens (Fig. 2.2a); (2) sedimentation in non-marine alkaline 
lakes or playas; (3) convergence and closure of an ocean with concomitant thrusting and 
nappe formation; (4) early Damara folding and metamorphism (Fig. 2.2b); (5) nappe and 
thrust stage (Fig. 2.2c) and (6) the final stage nappe transport, cooling and erosion (Fig. 






Figure 2.2: Hypothetical rift basin formation model of south margin of Damara Belt (after 
Behr and Horn 1982).  
 
      (a) Graben and sedimentation stage: 1= platform sediments (Nama group); 2 = faulted 
border of the Kalahari Craton with continental rift basins; 3 = early Damaran graben 
stage with continental graben sediments; 4 = playa-lake sediments; brine type Na- HCO-
(K--B-Cl-S); diagenetic crystallization of Na-sulfates and Na-silicates with chemically 
bound water; 5 = hot springs enriched by B, Mg, Ti, Cu, F, P, C1 leached from basement 
rocks; 6 = marine sabkha facies with formation of gypsum; 7 = development of pre-
orogenic turbidites.  
 
      (b) Early Damaran folding and metamorphism: 1 = sabkha facies; 2 = entrapment of 
large volumes of interstitial brines as fluid inclusions in carbonate sparite; 3 = beginning 
of folding and thrusting at the southern margin of the Damara belt; 4 = the abnormal pore 
fluid pressure in the turbidites causes pre-tectonic dewatering phenomena and triggers 
tectonic shearing processes.  
 
      (c) Nappe and thrusting stage: 1 = nappe thrusting followed by refolding. Formation 
of metamorphic aureoles in front of the nappes by the migration of hot fluid phases of 
H2O, CO2 and CH4 liberated by metamorphic reactions (dotted area); 2 = incorporation of 
wedges of the crystalline basement into the nappe tectonic locally lubricated by 
mobilized playa carbonates; 3 = mobilization of the playa carbonates by grain shattering 
caused by abnormal hydrothermal pressuring and dehydration of the paleoevaporitic 
minerals, intrusion of carbonate breccias into thrust planes; 4 = level at which the 
presently exposed first generation of tension cracks were formed during the isostatic 
uplift; 5 = trapping of post-tectonic fluid inclusions in trails parallel to the tension cracks; 
6 = secondary quartz growth, loss of the fluid inclusions that were formed during 
prograde metamorphism. 
 
      (d) Final stage: 1 = final transport of the Naukluft Nappe Complex; 2 = Sole 
Dolomite; 3 = boiling of low-saline fluids derived from overridden Nama sediments; 4 = 
basement inlier and thin basement nappes; 5 = quartz--carbonate veinlets, dikes and plugs 

































2.4.1 Duruchaus Formation Sedimentary Protoliths and Depositional Environments     
      
      The Duruchaus Formation (Fig. 2.3), except the evaporites, is largely quartz-bearing 
calcareous biotite-muscovite schists with layers of metamorphosed siltstones and 
carbonates. The metapelites are thinly laminated, due to variations in quartz and mica, 
and exhibit grain-size grading, interpreted as original lacustrine turbidites (Behr et al. 
1983). The original sedimentary rocks in this section are interpreted as a series of cyclic 
laminated siltstones, calcareous shales with siltstones, dolomitic mudstones and 
dolostones. Within the lake deposits are a series of conformable tourmalinite units (Behr 
et al. 1983). 
      The metamorphic hypersaline deposits of the Duruchaus Formation are characterized 
by paleo-evaporitic textures and chemistries most consistent with continental saline 
playa-type facies. The pre-metamorphic evaporitic minerals appear to have been 
dolomite, Na-carbonates, borates, sulfates, and a variety of silicate minerals. These units 
also contain an abundance of collapse and mobilization structures (Porada and Behr 1988 
Fig. 2.3). The well-preserved pseudomorphs are interpreted as being formed after various 
evaporitic minerals such as gaylussite (Na2Ca (CO3)2  . H2O), thermonatrite (Na2CO3 . 
H2O), shortite (Na2CO3 . 2CaCO3), trona (Na3(CO3)(HCO3) . 2H2O), thenardite 
(Na2(SO4)), scapolite ((Na, Ca)4[Al3Si9O24]Cl), gypsum (CaSO4. H2O), and borax 
(Na2B4O7 . H2O) (Behr et al. 1983, Schmidt -Mumm et al. 1987, Porada and Behr 1988).  
Albite is the primary pseudomorphing mineral after the Na-carbonates. A mixture of 
tourmaline and albite is considered to pseudomorph borax, and microcline apparently 
replaces primary gypsum (Schmidt -Mumm et al. 1987). Sulfate has been locally reduced 










Figure 2.3: Generalized distribution of the playa deposits of the Duruchaus Formation 
and fluviatile deposits of the Kamtsas Formation, Southern Margin Zone of the Damara 
Belt.  Nosib Group= Duruchaus Formation + Kamtsas Formation (Modified from Porada 







      The most extensive and best preserved development of the Duruchaus Formation is in 
the Geelkop Dome area (Fig. 2.4) where it forms a thick, essentially undisrupted, and 
conformable sequence exposed in a tectonic half-window below nappes of the Southern 
Damara thrust Belt. The regional structure within the large Geelkop half-window is 
dominated by two major, open doubly plunging antiforms, which are the large Geelkop 
Dome in the central part of the area, and the smaller, elongate Gurumanas Dome in the 
northwest (Hoffmann 1987, Fig. 2.4). The uppermost preserved parts of the sequence are 
exposed in the northern, western and southwestern flanks of the Gurumanas Dome, east-
and westward around the Geelkop Dome. The thrusts at the base of the overlying Damara 
nappes excavate the stratigraphy, resting on progressively lower stratigraphic segments of 
the Duruchaus Formation. At the nappe interface with the underlying Duruchaus 
Formation, there is a discordant breccia composed of mobilized fragments of the meta-
evaporites. West of the Geelkop Dome the Duruchaus sediments are absent (Hoffmann 
1987, Porada and Behr 1988).  
      The thickest and best-developed evaporites occur between quartzite members 6 and 7 
(Fig. 2.4), and are locally referred to as the Gurumanas Evaporite Member (Porada and 
Behr 1988). This section has a series of laminated siltstones, calcareous shales with 
siltstones, dolomitic mudstones and marbles. Within the lacustrine deposits are a series of 
conformable tourmalinite units. Eight roughly complete sedimentary cycles can be 
distinguished (Fig. 2.5) indicating different degrees of evaporation balancing phases of 
submergence or fresh water influx, respectively (Behr et al. 1983, Hoffmann 1987, 
Porada and Behr 1988). Based on depositional models of other playa lake complexes 




Figure 2.4: Geological Map of the Geelkop Dome and Gurumanas Dome area in the 






distinguished four lacustrine facies (Fig. 2.5) in the evaporitic unit of the Duruchaus 
Formation:  
(1) Submergent Facies. This facies developed during a transgressive or flooding 
stage, and includes laminated shales that include laminated siltstones and sandstones. 
Low brine concentrations are likely, but with anoxic conditions at the bottom (occur 
in cycle 1, 2, Fig. 2.5) 
(2) Submergent/emergent Mud Flat Facies. This facies is characterized by repeated 
migrations of the shoreline related to the balance between evaporation and periodic 
influx of fresh water. The lithologies include laminated siltstones and calcareous 
shales, calcareous shaly siltstone with scapolite and laminated sandy albitic dolomitic 
limestones. The laminated mudstones may represent former algal mats with 
microcline being formed diagenetically from tuffaceous material. The scapolite-
bearing siltstone is likely the external portion of the facies with NaCl-rich pore fluids, 
possibly in tuffaceous materials. The laminated sandy albitic dolomites were likely 
composed of Na carbonates in the initial evaporitic environment (occur in cycle 1-8, 
Fig. 2.5). 
(3) Exposed Saline Crust Facies. This facies is associated with Na carbonate-
dominated salt crusts developed on mud flats associated with a playa lake. It includes 
albitites and albitite breccias. Breccias may have developed when fresh water washed 
the surface and dissolved portions of the salts forming rip-up clasts (occur in cycle 1-
























Figure 2.5: Generalized stratigraphic section and proposed sedimentary environments of 
the upper Duruchaus Formation, Southern Margin Zone (Modified from Porada and Behr 





(4) Clastic Marginal Facies. This facies is likely developed in a fluviatile environment 
– the Kamtsas Formation. This is represented by the siliciclastic sandstones (occur in 
cycle 1, 3, 8). 
      Another sedimentary facies that is locally present is the marine sabkha facies. This 
facies initially developed gypsum rosettes in a sabkha environment that were later 
pseudomorphed by microcline. 
      One peculiar feature of the evaporitic sequence of the Duruchaus Formation is the 
occurrence of stratiform to stratabound tourmaline-rich intervals that are laterally 
extensive. Tourmaline-rich intervals are interlayered with other lithologies such as 
quartz-rich layers. One such bed (up to 1 m thick) is developed at the base of the albitite 
breccia in the uppermost part of cycle 2 (Fig. 2.5). This tourmaline-rich bed can be traced 
over a distance of almost 20 km along strike, and has been interpreted as being an initial 
borate-rich layer in an alkaline lake that was later replaced by tourmaline during 
diagenesis (Porada and Behr 1988). Another occurrence of stratabound tourmaline has 
been traced over more than 500 m in the laminated siltstone and calcareous shale 
sequence of cycle 1 (Fig. 2.5). The carbonate-rich tourmalinites in Gurumanas Oos and 
West area occur in cycle 1.  Several isolated lens, up to 3 m thick, of tightly folded 
laminated tourmaline-albite rock (similar to cycle 2) occur in the Stolzenfeld Farm, near 
Dordabis (Fig. 2.3, Fig. 2.5). 
2.4.2 Influence of Metaevaporites on Nappe Formation  
      An interesting aspect of the Duruchaus Formation is the influence that the 
evaporitic units have on the thrust tectonics along the southern margin of the Damara Belt 
(Porada and Behr 1988). These evaporitic units may had become partially fluidized and 
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mobilized along the nappes as a mush (post-diagenetic brecciation) of crystals and rock 
fragments. Some of the fluidized mush formed discordant breccia dikes in the Duruchaus 
Formation. The dike-like mushes usually do not exhibit sharp contact with the 
sedimentary layering, but develop as local lit-par-lit injections into bedding planes with 
xenoliths in the mush.  In the breccia slender, prismatic, idiomorphic clusters of 
tourmaline may exceed 5%. Some of the fluidized mush, under higher fluid pressure, 
reached the base of the southward-bound Kudis nappes and probably enhanced the rate 
and distance of the nappe movement (Fig. 2.6). Based on fluid inclusion data, Behr and 
Horn (1982) estimated that the fluidization/mush process developed at ~540ºC when the 
hot nappes were thrust over the Duruchaus Formation. The Sole Dolomite at the base of 
the Naukluft Nappe Complex is considered to be mobilized along the thrust plane, and 
reaches a maximum thickness of 30 m. The nappe complex is considered to be displaced 
50-70 km to the SE. Ahrendt et al. (1977) suggest that the Nama beds were folded prior 
to nappe emplacement at metamorphic temperatures of 250-300º C, with the 
metamorphism being at 532-537 Ma. However, the Naukluft Nappes exhibit at least 2 
deformation stages: an older syn-crystalline deformation overprinted by a younger post-
crystalline deformation (during nappe emplacement). There are a younger group of ages 
(492-494 Ma) in the higher temperature parts (~400ºC) of the nappe that are interpreted 
as cooling ages during nappe transport (Weber et al. 1983). During the deformation, a 
dolomitic evaporitic mush, initially starting with concordant breccia layers, apparently 
ascended to form discordant breccia dikes and was pressed into a tectonic unconformity 
between the Duruchaus Formation and the overlying, southward-propagating nappes of 







Figure 2.6:  Schematic illustration of the relationship between the evaporatic Duruchaus 
Formation and south-verging nappes (After Behr et al. 1983b, Schmidt -Mumm et al. 
1987). Hydrothermal zone reactions are caused by circulating saline and alkaline solution 
which are liberated by dewatering of evaporite horizons; pipes and veins are filled with 







carbonate mush is considered to be related to the great volume of interstitial hot brines. 
The fluid phases have led to crystallization of hydrothermal albite-dolomite assemblages,  
Na-B metasomatism in the host sedimentary rocks and possibly stratiform Cu 
mineralization in the Duruchaus Formation (Behr et al. 1983b). 
2.4.3 Metamorphic Conditions  
In a regional metamorphic sense, the grade of metamorphism decreases progressively 
southwards from upper amphibolite facies in the Okahandja lineament (separating the 
Central Zone and Southern Zone of Damara Belt) to greenschist-amphibolite facies in the 
southern part of the South Marginal Zone (Fig. 1.1, Hoffer 1977). It has been noted that 
the metapelites in this area have kyanite staurolite-chlorite-muscovite assemblages and 
have undergone a general Barrovian style of metamorphism of the Khomas Group 
metasediments (Kasch 1981, 1983 a, b). The metamorphism of the pelitic-psammitic 
Khomas Group that apparently provided the low-saline fluids, reached a peak 
metamorphism of 550º C and 6-7 kbar in the southern margin of the Trough and 630ºC 
and 4.5 kbar in the northern part of the Trough. 
The Duruchaus Formation has minor deformation associated with metamorphism 
with a weak slaty cleavage (Miller and Hoffman 1981, Behr et al. 1983a, b), but the 
conditions of metamorphism are equivocal. Behr et al. (1983b) considers it to have 
biotite-grade metamorphism and hydrothermal crystallization that likely took place 
during nappe emplacement. However, Behr and Horn (1982) estimated that the “biotite 
isograd” was at 550ºC and 5-8 km depth (~2-3 kbar), based on fluid inclusion isochore 
intersections. The isochore intersections of the pure CO2 and H2O-NaCl inclusions, 
observed in healed fractures, indicate trapping pressures of 2-2.5 kbar and 420-520ºC 
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(Behr and Horn 1982).  The age of the metamorphism in the Duruchaus Formation is also 
not well constrained, but Rb-Sr and K-Ar biotite ages indicate cooling ages below 300-
400°C between 480 and 460 Ma (Horstmann 1990). 
The fluid inclusions in the Duruchaus Formation contain two genetically-distinct fluid 
systems of regional significance: (1) highly saline and alkaline fluids (25-50 wt% eq. 
NaCl; NaCl-KCl-CaCl2 system) that are considered to have been derived from the 
connate fluids of the evaporitic sediments and (2) lower salinity fluids (4-16 wt% eq. 
NaCl; NaCl system) derived from the metamorphic fluids of the proximal pelitic 
metasediments of the Khomas Group (Behr and Horn 1982). The types of inclusions 
recognized are: (1) multiphase inclusions, with halite cubes and H2O, CO2 and 
hydrocarbons, with both a liquid and vapor phase (secondary or pseudosecondary), (2) 
CO2 inclusions with minor hydrocarbons (secondary or pseudosecondary), (3) H2O-CO2 
inclusions with CO2-rich vapor phase (pseudosecondary or secondary), (4) H2O-rich 
inclusions with liquid and vapor (pseudosecondary or secondary), (5) H2O monophase 
inclusions (secondary), (6) N2-CO2 inclusions that are monophase with 
N2/(N2+CO2)>0.5, and (7) CH4-H2O inclusions. 
2.5 Previous Work on the Tourmalinites of Duruchaus Formation in Central  
      Namibia 
      Except for noting the presence of the meta-evaporites of the Duruchaus Formation, 
little information has been published on the tourmalinites in the Southern Margin Zone of   
the Damara Belt. Schmidt-Mumm et al. (1987) noted that the tourmalinites have distinct 
sedimentary features such as dewatering structures and cross-bedding. They observed 
that tourmalines often appear as spherical pseudomorphs after an early evaporitic 
mineral, probably borax. They determined the tourmalines to be dravites 
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(NaMg3Al6Si6O18 (BO3)3(OH)3(OH)), but published incomplete chemical information. 
Porada and Behr (1988) regard the laterally extensive tourmalinites as developing from 
borate-mineral-rich horizons which occur in the evaporitic sequence. They noted that, in 
addition to the > 50% volume of tourmalines, the layers also include quartz, dolomite, 
and other minor minerals. The significance and origin of the various tourmaline horizons 
is not obvious and the source of boron-rich solutions is speculative, but Porada and Behr 
(1988) suggested three possible candidates: granitic or volcaniclastic basement rocks; 
volcanic or hydrothermal rocks within the Duruchaus Formation or primary borate layers.  
      Several of the samples used in this study were also part of allied investigations of 
boron isotopes and trace elements in tourmaline. Palmer and Slack (1989) examined the 
boron isotopes in tourmalinites from the Stolzenfeld Farm locality, and found high boron 
isotope signature of +18.3‰ compared to the values of -4.2‰ and -8.1‰ from the 
Gurumanas Oos located within the Duruchaus Formation. The Stolzenfeld Farm sample 
is considered to be the same as the 6E sample in this study (Slack 2004 personal 
communication). Griffin et al. (1996) use the same tourmalinite sample from Duruchaus 
Formation for a proton microprobe study of tourmaline and noted relatively high Zn 
(150±3 ppm), high Ba (144±78 ppm) and low Sr (22±11 ppm) compared to the trace 
element in tourmaline from massive sulfide deposits. Since then, there are no publications 
on the tourmalinites from Duruchaus Formation in Southern Marginal Zone of Damara 
Belt. However, John Slack (personal communication) did provide a preliminary set of 
electron microprobe data from a single tourmalinite sample (Stolz-1, Stolzenfeld Farm). 
Based on his initial data, he identified the unusual Fe-rich and Al-poor nature of the 
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tourmaline (Appendix A). His data supplements the data of this study and is designated 
as “Slack’s” in the results section. 
2.6 Tourmaline Crystallography and Crystal Chemical Background 
Tourmaline contains large amounts of textural, chemical and isotopic information that 
can be useful in petrologic studies. To take advantage of its potential, it is useful to 
review its general crystallography and chemical background. 
Tourmaline is a structurally and chemically complex borosilicate mineral that has the 
general formula XY3Z6 (T6O18) (BO3)3V3W. The structure of tourmaline (Fig. 2.7) is 
characterized by six-membered tetrahedral rings (T sites) whose apical oxygen points 
toward the (-) c-pole, producing the acentric nature of the structure. The tetrahedral T 
sites are primarily occupied by Si, locally with lesser amounts of Al and, possibly, B 
(Hawthorne et al. 1993, Tagg et al. 1999). Alternating over the tetrahedra are triangular 
BO3 groups that lie parallel to the (0001) plane. Most crystallographic studies indicate 
that there are stoichiometric amounts of B in this site (e.g. Hawthorne 1996, Bloodaxe et 
al. 1999).  
      Planar rings of tetrahedra are linked by two types of octahedra, Z and Y, which share 
edges to form brucite-like fragments. The Z octahedron is relatively small, somewhat 
distorted, and occupied predominantly by trivalent cations such as Al3+, Fe3+, Cr3+ and 
V3+, but can contain significant amounts of the divalent cations Mg2+ and, possibly, Fe2+. 
Z site cations serve as linkages among structural fragments along a three-fold screw axis. 
The Y site is a relatively regular octahedral polyhedron occupied by a wide array of 
multivalent cations; most commonly Li1+, Mg2+, Fe2+, Mn2+, Al3+, Cr3+, V3+, Fe3+ and 























Figure 2.7:  The structure of tourmaline viewed (a) down to the c-axis showing 6-
membered tetrahedral ring, (b) down to the c-axis containing Y octahedral, Z octahedral 
and B triangular group, and (c) perpendicular to the c-axis showing the Y, Z, layers 




Hawthorne et al. 1993; MacDonald et al. 1993; Taylor et al. 1995). The X site is a nine-
coordinated trigonal antiprism, located along the three-fold axis of symmetry. It is most 
commonly occupied by Na and Ca (generally with minor K), or can be largely vacant. 
      There are 31 anions in the structural formula that are located in 8 distinct sites, O (1) 
through O (8) (Donnay and Buerger 1950; Donnay and Barton 1972). The O (2) and O 
(4)-O (8) are occupied exclusively by O2-. The single O (1) site, termed the W site in the 
structural formula, is located along the three-fold axis central to the pseudo-hexagonal 
ring of tetrahedra and can contain OH1-, O2- or F1-. Significantly, where O2- is dominant at 
the W site, short range ordering is commonly required at the Y and Z sites such that Mg 
commonly orders into the Z site and Al into the Y site (Hawthorne and Henry 1999). The 
three O (3) sites, termed the V site, typically contain OH1-, but can also contain 
significant amounts of O2-. The W site is unique because F1- partitions completely into 
this site, and O2- also tends to partition into this site relative to OH1- (Grice et al. 1993, 
MacDonald and Hawthorne 1995).  
      Because of its complex structure with a large number of potential substitutions, 
tourmaline can be divided into many end members. There are currently 14 approved IMA 
species of tourmaline, but a much large number of hypothetical end members (Hawthorne 
and Henry 1999). Among the tourmaline species, schorl (NaFe3Al6Si6O18 
(BO3)3(OH)3(OH)),, dravite (NaMg3Al6Si6O18 (BO3)3(OH)3(OH)), uvite 
((CaMg3(MgAl5)Si6O18 (BO3)3(OH)3F),, and elbaite (Na(Li1.5Al1.5)Al6Si6O18 
(BO3)3(OH)3(OH)),  are more common.  Primary groupings of tourmalines are based on 
the dominant occupancy of the X site, to form alkali-, calcic- and vacant-tourmaline 
groups (Hawthorne and Henry 1999). Further subdivisions are based on Y, Z, W, and V 
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Table 2-2: Important tourmaline species in this study 
 
Species X Y3 Z6 T6O18 (BO3)3 V3 W 
Alkali tourmaline 
Schorl Na Fe2+3 Al6 Si6O18 (BO3)3 (OH)3 (OH) 
Dravite Na Mg3 Al6 Si6O18 (BO3)3 (OH)3 (OH) 
Oxy-dravite Na MgAl2 MgAl5 Si6O18 (BO3)3 (OH)3 O 




CHAPTER 3 ANALYTICAL PROCEDURE AND METHODS  
      Nine representative tourmalinite samples were analyzed in detail to characterize and 
constrain the origin of tourmalinites from the meta-evaporitic deposit in the Duruchaus 
Formation and to compare these tourmalinites to similar deposits worldwide. 
3.1 Sampling and Sample Preparation 
      The samples were collected by John Slack (USGS) in the fall of 1987 and were provided by 
him for this study in the fall of 2004. A series of 16 samples from the Duruchaus Formation were 
examined including tourmalinite, metasandstone, metasiltstone, and marble (Table 3-1). All 16 
samples from the Duruchaus Formation were cut and scanned on an Epson Perfection optical 
scanner to record macroscopic textural features. From this group of samples, nine tourmalinite 
samples were selected for detailed study. These include samples 1A and 1B from Farm 
Gurumanas West, samples 4B, 4C, 4D, 4E from Farm Gurumanas Oos, and samples 6D, 6E, and 
6F from Farm Stolzenfeld (Fig. 3.1). Four polished thin sections from the same samples 6D, 6E, 
6F, and Stolz-1 from Farm Stolzenfeld were provided by John Slack, and supplemented the other 
Namibian tourmalinites processed for this study. 
3.2 Petrographic Procedures 
      Sixteen polished thin sections were prepared for petrographic and microanalytical analysis. 
All samples were examined with a petrographic microscope in transmitted and reflected light, 
and the range of mineralogical and textural features recorded with digital photographs. To 
roughly estimate the percentages of the various minerals that make up the rocks or portions of a 





Table 3-1 Sample list of Duruchaus Formation rock samples 
Sample Location Field observations from John Slack (personal communication) 
1A* Gurumanas West Stratabound and, possibly, stratiform tourmalinite in pelitic schist 
 
1B* Gurumanas West Stratabound and possibly stratiform tourmalinite in pelitic schist 
 
2A Gurumanas West Carbonate-bearing sandstone with large albite pseudomorphs after 
one or more evaporite minerals. 
 
2B Gurumanas West Carbonate-bearing sandstone with large albite pseudomorphs after 
one or more evaporite minerals. 
 
3 Gurumanas West Scapolite-rich siltstone 
4A Gurumanas Oos Biotite-rich sandstone 
4B* Gurumanas Oos Dolomite-rich stratabound tourmalinite 
4C* Gurumanas Oos Stratabound tourmalinite with minor dolomite 
4D* Gurumanas Oos Dolomite-rich stratabound tourmalinite 
4E* Gurumanas Oos Discordant quartz-tourmaline vein 
6A Stolzenfeld Farm Laminated siltstone with minor dolomite 
6B Stolzenfeld Farm Dolomite marble with albite pseudomorphs 
6C Stolzenfeld Farm Laminated stratiform tourmalinite 
6D* Stolzenfeld Farm Laminated stratiform tourmalinite 
6E* Stolzenfeld Farm Laminated stratiform tourmalinite 
6F* Stolzenfeld Farm Laminated stratiform tourmalinite 



















Figure 3.1: Geologic map of the Geelkop Dome and Gurumanas Dome area in the Southern 
Margin Zone of the Damara Belt, and distribution of tourmalinite sample locations (Modified 
from Porada and Behr 1988). Gurumanas West: 1A, 1B; Gurumanas Oos: 4B, 4C, 4D, 4E; 






3.3 Cathodoluminescence Imaging  
      Because carbonate minerals, quartz and plagioclase exhibit cathodoluminescence (CL), most 
of the samples were examined with a combination of cold-cathode optical cathodoluminescence 
(Optical-CL) and scanning electron microscope cathodoluminescence (SEM-CL). Optical-CL 
images were obtained from uncoated polished thin sections by using a Technosyn cold 
cathodoluminescence stage (Model 8200 MK11) mounted on a Nikon petrographic microscope 
equipped with a substage assembly for transmitted light and a Nikon UFX-ПA film camera back 
for recording the CL images. The working conditions are: vacuum between 1-0.05 torr, an 
accelerating voltage is of 10-15 kV and gun current less than 600 µA. Fujichrome film (800 
ASA) was exposed for a range of times (30-400 sec) depending upon the amount of CL light 
generated from the different minerals.  
      The SEM-CL images were obtained using a carbon-coated thin section in the SEM JEOL 
840A with Oxford PA10 CL detector. The CL detector records luminescence in the 185–850 nm 
wavelength range. The voltage of amplifier is less than 600V which allows photons to be 
collected and displayed as cathodoluminescence images. Digital CL images were obtained at 10 
nA beam current and 20 kV acceleration voltage with an average working distance of 15 mm, 
with a dwell time are about 30-50 ms. A true-color SEM-CL image was obtained using a set of 
red (R), green (G) and blue (B) filters in the path of the CL detector.  After separate RGB images 
were acquired for a given field of view, the three separate images were merged into a single 
SEM-CL color image. The contrast and brightness of the ultimate color were adjusted using 





 3.4 Backscatter Imaging (BSE) and Element-distribution Maps 
      Backscattered electron (BSE) images and element distribution maps are useful for mineral 
identification and for obtaining the spatial distribution of minerals. BSE can also be used to 
detect the chemical zoning within minerals.  
      BSE images were obtained using the JEOL 840A SEM at a 10-100 nA beam current, 20 kV 
accelerating voltage, 15 mm working distance. In addition, some of the BSE images in this study 
were obtained using the DPICT program on the JEOL 733 Electron Microprobe (EMPA) 
accepted at 10 nA beam current and 20 kV accelerating voltage. Element-distribution maps for 
Fe, Mg, Al, Na, Ti, and Ca using the energy of Kα line were produced by the beam scan method 
with energy-dispersive spectrometers (EDS) at 15 kV accelerating voltage, a beam current of 20 
nA, map step size of 1-2µm, dwell time 90 ms/pixel by using the JEOL 840A SEM. 
 3.5 Electron Microprobe Analysis (EMPA) 
      Major and trace elements were quantitatively analyzed in tourmaline, plagioclase, biotite, 
carbonate minerals, and rutile in the tourmalinites. They were analyzed by wavelength-dispersive 
spectrometry (WDS) using the LSU automated JEOL 733 electron microprobe. Operating 
conditions were: acceleration potential voltage 15 kV, probe beam current 5-80 nA and beam 
diameter is 1-5 µm depending on the type of mineral. The unknown samples were corrected 
using the ZAF matrix correction procedure (atomic number (Z), absorption (A) and fluorescence 
(F)) of Armstrong (1984). A series of synthetic and natural minerals were used as standards 
(Table 3-2). 
      Tourmaline and biotite grains were analyzed for all major and trace elements at 10 nA beam 




Table 3-2: Elements analyzed and standards used for minerals analyzed 
Element Tourmaline Biotite Plagioclase Rutile Carbonate 
minerals 
Si Diopside T Hornblende K Albite T Diopside T - 
Al Andalusite S - Plagioclase T  Andalusite S - 
Ti Hornblende K Hornblende K - Rutile T - 
Cr Chromite S Chromite S - Chromite S - 
Fe Fayalite R Hornblende K - Fayalite R Siderite S
Mn Rhodonite T Rhodonite T - - - 
Mg DiopsideT Hornblende K - - Dolomite T
Zn Willemite T - - - - 
Ca DiopsideT Hornblende K Plagioclase L DiopsideT Calcite T
Na Albite T Hornblende K Albite T - Hornblende K
K SanidineT Biotite T Sanidine T - - 
F Apatite T Apatite T  - - 
Ba - - Sanidine T - - 
Nb - - - Microlite P - 
Zr - - - Zircon T - 
V - - - Glass O - 
W - - - Ferberite T - 
Sr - - - - Strontianite L
Superscript letters represent the origin of mineral standards. K =  Kakanui, New Zealand; L =  






tourmaline and biotite analyses was evaluated with two standards that acted as internal standards 
and were measured repeatedly as unknowns during the period of acquisition of tourmaline and 
biotite data.  The first internal standard, Kakanui hornblende, was analyzed at 8 different times. 
Based on these replicate analyses, the analytical precision (1σ) is estimated to be ± 0.21-0.33 for 
wt% oxides >10% and ± 0.05-0.09 for wt% oxides of 2-5% and the relative standard deviation 
(the percentage of the 1σ value relative to the mean value of the oxide) is estimated to be ± 0.5-
3.3% for wt% oxides >10% and ± 2.0-2.8% for wt% oxides of 2-5% (Table 3-3). The second 
internal standard is a coarse-grained tourmaline (tourmaline d176) from the Farmington 
Quadrangle, Maine that has been analyzed in two different microprobe labs - LSU lab and the 
ARCO Research Microprobe Lab in Plano, Texas (Henry, personal communication).  Based on 8 
replicate analyses of tourmaline d176, the analytical precision (1σ) for this study is estimated to 
be ± 0.37-0.75 for wt% oxides >30%, ± 0.08-0.29 for wt% oxides of 1.8-6.5% and ± 0.04-0.08 
for wt% oxides of 0.5-0.6%. The relative standard deviation of tourmaline d176 for this study is 
estimated to be ± 1.1-2.3% for wt% oxides >30%, ± 3.2-4.4% for wt% oxides of 1.8-6.5% and ± 
8-14% for wt% oxides of 0.5-0.6% (Table 3-4). These uncertainties related to precision of 
tourmaline d176 are somewhat greater than those estimated by Henry (personal communication). 
Based on 6 replicate analyses of tourmaline d176, the Henry data has analytical precision (1σ) of 
± 0.11-0.32 for wt% oxides >30%, ± 0.04-0.05 for wt% oxides of 1.8-6.5% and ± 0.02-0.07 for 
wt% oxides of 0.5-0.6%. The relative standard deviation of tourmaline d176 for the Henry data is 
estimated to be ± 0.3-0.9% for wt% oxides >30%, ± 0.7-2.3% for wt% oxides of 1.8-6.5% and ± 
3-14% for wt% oxides of 0.5-0.6% (Table 3-5). However, it was found that there were 
compositional heterogeneities in tourmaline d176 that were likely uncountered during the 
analyses of this internal standard that appear to be responsible for the greater uncertainty  
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Table 3-3 Replicate electron microprobe analyses of Kakanui hornblende as an internal standard 
 1 2 3 4 5 6 7 8 Average Reference 
analysis* 
±1σ ±2σ RSD 
(%) 
SiO2 39.06 39.17 39.23 39.40 39.48 39.51 39.67 39.14 39.33 40.37 0.21 0.42 0.54 
TiO2 4.76 4.83 4.96 4.99 4.89 4.80 4.94 4.74 4.86 4.72 0.09 0.18 1.95 
Al2O3 12.96 13.10 13.35 13.13 13.88 13.73 13.62 13.84 13.45 14.90 0.36 0.72 2.69 
Cr2O3 0.00 0.02 0.00 0.00 0.03 0.01 0.03 0.01 0.01 -- 0.01 0.02 102.54
FeO 10.43 10.79 11.16 10.45 10.23 10.55 10.63 10.48 10.59 10.92 0.28 0.56 2.69 
MnO 0.08 0.10 0.11 0.12 0.10 0.11 0.08 0.08 0.10 0.09 0.02 0.04 16.22 
MgO 11.94 12.06 12.04 12.12 12.85 12.61 12.29 12.55 12.30 12.80 0.33 0.66 2.66 
ZnO 0.00 0.02 0.02 0.01 0.08 0.05 0.00 0.00 0.02 -- 0.03 0.06 127.38
CaO 9.70 9.51 10.02 9.81 9.91 10.47 9.73 10.36 9.94 10.30 0.33 0.66 3.33 
Na2O 2.51 2.66 2.46 2.54 2.56 2.65 2.56 2.65 2.57 2.60 0.07 0.14 2.85 
K2O 2.02 2.05 2.07 2.12 2.07 2.11 2.04 1.94 2.05 2.05 0.06 0.12 2.75 
*Reference is the microprobe standard for hornblende from Kakanui, New Zealand published by 
U.S National Museum  

















d-176 1 2 3 4 5 6 7 8 Average ±1σ ±2σ RSD 
(%) 
SiO2   34.46 34.81 35.10 35.66 35.34 34.89 34.77 35.05 35.01 0.37 0.74 1.06 
TiO2   0.47 0.47 0.63 0.62 0.66 0.63 0.64 0.69 0.60 0.08 0.16 13.96 
Al2O3 34.29 33.98 32.67 32.31 32.91 32.65 32.28 32.73 32.98 0.75 1.50 2.27 
Cr2O3 0.11 0.01 0.06 0.00 0.07 0.06 0.05 0.05 0.05 0.03 0.06 67.14 
FeO    6.73 6.70 6.80 5.89 6.52 6.59 6.70 6.68 6.58 0.29 0.58 4.41 
MnO    0.11 0.07 0.07 0.03 0.06 0.04 0.01 0.03 0.05 0.03 0.06 60.02 
MgO    5.26 5.36 5.55 5.23 5.50 5.62 5.68 5.62 5.48 0.17 0.34 3.16 
CaO    0.46 0.53 0.56 0.59 0.58 0.58 0.56 0.55 0.55 0.04 0.08 7.54 
Na2O   1.78 1.86 1.91 1.66 1.76 1.88 1.87 1.86 1.82 0.08 0.16 4.55 
K2O    0.14 0.00 0.00 0.47 0.04 0.24 0.00 0.18 0.13 0.16 0.32 122.85














Table 3-5:  Replicate electron microprobe analyses of tourmaline d176 by Darrell Henry 
(personal communication) 
 
d-176 5* 6* 7* 8* 9* 10* Average* ±1σ ±2σ RSD 
(%) 
SiO2   35.96 35.81 35.90 35.73 35.68 35.91 35.83 0.11 0.22 0.31 
TiO2   0.58 0.60 0.50 0.50 0.56 0.41 0.53 0.07 0.14 13.39
Al2O3 35.27 34.77 35.20 34.58 35.41 35.21 35.07 0.32 0.64 0.92 
Cr2O3 0.04 0.05 0.02 0.04 0.03 0.03 0.04 0.01 0.02 29.97
FeO    6.96 7.07 6.94 7.04 7.04 6.99 7.01 0.05 0.10 0.73 
MnO    0.07 0.06 0.08 0.03 0.09 0.10 0.07 0.02 0.04 34.65
MgO    5.53 5.70 5.55 5.65 5.44 5.61 5.58 0.09 0.18 1.67 
CaO    0.48 0.48 0.46 0.49 0.50 0.46 0.48 0.02 0.04 3.35 
Na2O   1.97 2.00 1.88 1.93 1.91 1.91 1.93 0.04 0.08 2.28 
K2O    0.05 0.03 0.04 0.04 0.04 0.03 0.04 0.01 0.02 19.64
* Previous data provided by Darrell Henry.  
d-176 is tourmaline-bearing pelitic schist from the Farmington Quadrangle, Maine. 












associated with this precision estimate. A more realistic measure of the precision of the 
tourmaline and biotite analyses is probably that associated with the Kakanui hornblende replicate 
analyses (Table 3-3.).  
A measure of the accuracy of the analytical data can be difficult to obtain. However, a 
comparison of the mean values of the internal standard compositions with the previous 
references analyses indicates that, in general, there is a relative error of accuracy is varies from 1 
to 5 %, with Al being approximately 10% (Tables 3-3, 3-5). Recently, the Al value for the 
Kakanui standard has come questions and it likely to be lower than reported (Darrell Henry, 
personal communication). There are a few instances in which there are larger differences 
between the mean composition of the internal standards and reference analyses. These significant 
variations could be attributed to differences in the analytical techniques or actual compositional 
differences with the reference analysis. 
      Plagioclase grains were analyzed for their major and trace elements at 5 nA beam current, 15 
kV acceleration voltage with 1 µm beam diameter using feldspars as standards (Table 3-2).  
Based on 6 replicate analyses of Toronto plagioclase, the analytical precision (1σ) for plagioclase 
analyses in this study is estimated to be ± 0.17-0.33 for wt% oxides >29%, ± 0.36-0.41 for wt% 
oxides of 4.7-12.1% and ± 0.02 for wt% oxides of 0.3. The relative standard deviation of 
Toronto plagioclase is estimated to be ± 0.61-0.63% for wt% oxides >29%, ± 3.1-8.6% for wt% 
oxides of 4.7-12.1% and ± 4.8% for wt% oxides of 0.3% (Table 3-6).    
      Calcite and dolomite grains were analyzed for major and trace elements at 5 nA beam 
current, 15 kV acceleration voltage with 2 µm beam diameter with the standards presented in 
Table 3-1. For the matrix corrections, a fixed amount of CO2 was assumed based on 100% 
percent of total.  Following the determination of the cation concentration, the amount of CO2 in  
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Table 3-6:  Electron microprobe analyses of primary standard 
 
 1 2 3 4 5 ±1σ Reference*
SiO2 53.13 52.94 52.79 52.41 52.36 0.33 53.24 
Al2O3 29.03 29.05 28.68 28.82 29.09 0.18 29.3 
CaO 11.62 12.32 12.03 11.84 12.54 0.37 11.8 
BaO 0.03 0.05 0.01 0.00 0.01 0.02 0.02 
Na2O 5.19 5.18 4.38 4.42 4.55 0.41 4.50 
K2O 0.34 0.34 0.38 0.35 0.34 0.02 0.38 
Total 99.35 99.87 98.27 97.84 98.89 -- 99.34 













 the structural formula was ultimately calculated assuming stoichiometric values relative to the 
cations present (e.g. Essene 1983).  
       Rutile analyses involved both major and trace elements, particularly Zr contents, involving 
elements and standards presented in Table 3-2. Acceleration voltage was set at 20 kV, with a 
beam current at 80 nA and beam diameter at 5 µm. Because there was an emphasis on obtaining 
accurate trace element contents, counting time on the peak was set at 16 s for Ti, 60 s for Ca, Al, 
Cr. Fe, Si, 120 s for V, 300 s for Zr, and 360 s for Nb and W which resulted in an analysis time 
for each point of roughly 18 minutes. The time for checking background is the half of counting 
time on the peak for these elements. The analytical equipment (JEOL 733 EMP) and procedures 
of Zack et al (2002) were followed and used to estimate the uncertainties. Consequently, the 
analytical uncertainty (precision) based on counting statistics, repeated measurement of peak and 
background is estimated to be 5-10% relative for values of 100 ppm. Specifically, the 
uncertainties for individual elements were 15 ppm for Al, 30 ppm for Si, 60 ppm for V, 40 ppm 
for Cr, 35 ppm for Fe, 30 ppm for Zr, 50 ppm for Nb, and 120 ppm for W.   
      Although the precision of the Zr analyses was not directly determined, application of Zr in 
rutile geothermometer to a rutile from a granulite facies peraluminous gneiss from the Beartooth 
Mountains (Montana) yielded a temperature of 750 °C which is in the temperature range that is 
determined for this sample by using the same analytical equipment (JEOL 733 EMP) (Darrell 
Henry, personal communication).      
      More than 200 analyses were performed on the 9 samples covering all of the different 
tourmalinite locations. All EMPA work was done at the Department of Geology and Geophysics 




3.6 Normalization Procedures 
     The most appropriate normalization procedures for different minerals were carefully 
considered. The procedures depend on assumptions made concerning the stoichiometry and 
oxidation states of the transition elements. 
      Tourmaline formulae were normalized on the basis of 15 cations, exclusive of Na, Ca, and K. 
This normalization procedure assumes that the Y, Z, and T sites are full, i.e. no vacancies are 
present on these sites (Henry and Dutrow 1996, Henry et al. 1999). Extensive examination by 
EDS and WDS scans indicate that all of the cations (Z>5) in these sites have been accounted for.  
Because of the presence of significant amounts of Mg, it is likely that Li is very low and can be 
ignored (see arguments in Henry and Dutrow 1996, Henry et al. 1999). Assuming B has a 
stoichiometric value of 3 apfu makes it possible to calculate the wt % of B2O3 to produce 3 B 
cations (Henry and Dutrow 1996). All Fe is initially assumed to be Fe2+. Charge balance 
constraints are used to estimate the amount of H and O associated with the V and W anion sites 
in the structural formula, although it is subject to significant uncertainties (Henry and Dutrow 
1996, Dutrow and Henry 2000). It is further assumed that F and calculated O are preferentially 
portioned at the W site (Henry and Dutrow 1996). These assumptions permit grouping of 
tourmaline in accordance with the classification scheme proposed by Hawthorne and Henry 
(1999). A number of potential tourmaline species have been identified by Hawthorne and Henry 
(1999) that are currently not recognized by the IMA as tourmaline species. These hypothetical 
species are designated by quotation marks, e.g. “oxy-dravite” (Henry and Dutrow 2001). 
      The minerals coexisting with tourmaline were normalized using several assumptions. 
Plagioclase was normalized on the basis of 8 oxygen atoms. The most common procedure to 
normalize biotite is on the basis of 22 O atoms and to assume all Fe is Fe2+ (Henry et al. 2005). 
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Carbonate minerals were normalized on the basis of 3 oxygen atoms and with the calculation of 
CO2 wt% corresponding to the cation proportions. The Zr (ppm) in rutile (TiO2) was calculated 











CHAPTER 4 RESULTS 
4.1 Field Relations, Sample Descriptions, Petrography and Imaging of Tourmalinite   
      Samples from the Duruchaus Formation 
A series outcrop images, provided by John Slack (USGS), illustrate the field relations 
of the tourmalinite at selected locations (Fig. 3.1). The outcrop descriptions presented 
here are a combination of field notes and observations from field photos (John Slack 
1987, personal communication). The petrographic description is given for the samples in 
the context of the field relations. Where it is informative, backscattered electron, optical 
CL and SEM-CL images were also obtained. 
 4.1.1 Gurumanas West 
 4.1.1.1 Field Relations and Sample Descriptions – Gurumanas West 
      The tourmalinites of the Gurumanas West locality are from the upper portion of the 
Duruchaus Formation near the northwest margin of the tectonic window (Fig. 3.1). The 
tourmalinites are interlayered with metamorphosed sandy-to-pelitic sediments that exhibit 
apparent cross-bedding, algal laminations and mud cracks, and have a variety of 
pseudomorphs after evaporitic minerals (Fig. 4.1). Locally, the layered unit is cut by 
quartz-rich and carbonate veins. 
Sample 1A is a banded tourmalinite with 1 mm to 1 cm tourmaline-rich layers 
interspersed with metamorphosed psammites and semipelites (Fig. 4.2). Within the 
quartzofeldspathic layers there are iron-stained casts that are goethite partial 






Figure 4.1: Outcrop photographs of 
preserved sedimentary structures 
and albite pseudomorphs after 
evaporite minerals at the 
Gurumanas West locality (Fig. 3.1; 
1-2 km from samples 1A and 1B) 
(a) cross-bedded metamorphosed 
sandstone with albite p
and cross-cut by quartz-rich vein
(b) albite pseudomorphs with




possibly after shortite 
(Na2CO3.2CaCO3). Photos were 







































Figure 4.2: Outcrop photograph and cut surface of tourmalinite sample 1A from the Farm 
Gurumanas West locality. (a) The upper portion of the outcrop is predominantly 
comprised of tourmalinite layers and the lower portion of the outcrop progressively more 
metamorphosed psammitic and semipelitic layers. Photos were provided by John Slack 
(USGS 1987); (b) Cut surface of sample 1A with layers of dark tourmalinite, light-
colored semipelitic and psammite with iron-stained pits of altered pyrite. A quartz-rich 
vein, nearly conformable at the top of the sample, obliquely cuts the sample. 
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the layering (Fig. 4.2b). Tourmaline in the plane of layering exhibits a moderate 
lineation. 
Sample 1B was collected along strike and contains a lower proportion of tourmalinite 
layering, but with more abundant metamorphosed psammitic and pelitic layers with 
apparent cross-bedding (Fig. 4.3a). There are abundant iron-stained pseudomorphs of 
goethite after euhedral pyrite visible in outcrop.  Possible scapolite knots were found in 
the surrounding pelitic and sandy pelitic sediments (Slack, personal communication). 
Tourmalinite layers exhibit variation in color with the thinner layers being a paler green 
in slab scan pictures (Fig. 4.3b).  
4.1.1.2. Petrography – Gurumanas West 
      The dominant minerals in samples 1A and 1B are tourmaline and quartz with lesser 
amounts of biotite, muscovite, plagioclase and rutile (Fig. 4.4). However, there are large 
variations in the modes and sizes of minerals in the different layers. Significantly, there 
are two generations of tourmaline: a green tourmaline (generation 1) and a colorless 
tourmaline (generation 2) that partially-to-completely replaces the generation 1 
tourmaline (Fig. 4.5).  
      In the tourmaline-rich layers (tourmalinites) the modal amounts of tourmaline 
typically are 65-95%, with the remainder being comprised mostly of poikiloblastic quartz 
and minor plagioclase and rutile (Fig. 4.4). Tourmaline in the tourmalinite layers is 
primarily generation 1 tourmaline that is euhedral, is typically 50-100 µm in width and 
300-500 µm in length, has small quartz inclusions (5-20 µm) oriented parallel to the 
layering and exhibits pale green-to-green pleochroism, with some blue and brown interior 
color zones. Where the tourmaline layers are next to pyrite-bearing (now altered to  
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Altered pyrite layer 
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Figure 4.3: Outcrop photograph and cut surface of tourmalinite sample 1B from the Farm 
Gurumanas West locality (Fig. 3.1). (a) A tourmaline-rich tourmalinite layer is above the 
hammer. Photos were provided by John Slack (USGS 1987); (b) Cut surface of sample 
1B with layers of dark tourmalinite and lighter-colored tourmalinite, light-colored 
































igure 4.4: Photomicrograph of tourmalinite 1B layer boundary under crossed nicols, 





















goethite) quartz-rich layers, the generation 2 colorless tourmaline partially replaces the 
eneration 1 green tourmaline (Fig. 4.5). Some of the tourmaline in the thinner 
urmalinite layers (~2 mm) in sample 1B are almost completely replaced by generation 
 tourmaline.  
The pyrite-bearing quartz-rich layers are also variable with respect to mineral modes 
 
allest grains being granoblastic and the coarser grains being anhedral and strained 
avy extinction). Plagioclase grains (~10% of the layer) are typically 300-400 µm, have 
lbite twinning and exhibit minor straining. Pyrite is mostly converted to goethite, but a 
w unaltered grains verify its identity. The pyrite pseudomorphs are relatively large 
00-1000 µm) and are generally poikiloblastic with inclusions of tourmaline containing 
 
arser 














small cores of generation 1 green tourmaline surrounded by rims of colorless generation
2 tourmaline (Fig. 4.6). Tourmaline grains (5-20 % of the layer) are generally co
than those in the tourmalinite layers (300-500 µm) with moderate-to-complete 
replacement of
rless generation 2 tourmaline commonly embays the generation 1 tourmaline and is 
poikiloblastic with the matrix quartz. Minor amounts of brown rutile (100-200 µm) and 
pale brown biotite (100-200 µm) are also found in this layer. 
      The semipelitic layers are characterized by greater modal amounts of biotite 
and/or muscovite (Fig. 4.7). Quartz (50-60% of layer) is 100-200 µm and is typically 
granoblastic. Plagioclase (10-20% of layer) is 100-200 µm and is granoblastic as well
Biotite (10-20% of layer) is 200-300 µm, is oriented generally in the layering plane and is









igure 4.5: Photomicrograph of tourm linite 1B under plane 
polarized light with a superimposed im eration 
 colorless tourmaline; Layer 2, colorless generation 2 tourmaline largely replacing light 
green generation 1 tourmaline; Layer 3, mixture of generation 2 tourmaline partially 
placing generation 1 tourmaline; Layer 4, predominantly generation 1 tourmaline 
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Figure 4.6: Photomicrograph of poikiloblastic goethite pseudomorph after pyrite with 
inclusions of green generation 1 tourmaline partially r  colorless generation 2 





























: Photomicrograph of biotite in a semipelitic layer under plane polarized light - 









Tourmaline within this layer is finer-grained (50-100 µm) is typically the green 
urmaline. Minor amounts of pale brown rutile (20-50 µm) are dispersed throughout the 
yer. 
.1.1.3 BSE and SEM-CL Imaging – Gurumanas West 
    Most tourmaline grains in Gurumanas West exhibit compositional zoning, some 
ithin generation 1 tourmaline and some associated with the generation 2 tourmaline. 
igure 4.8a shows a generation 1 tourmaline grain in sample 1A in BSE with a dark-grey 
regular core, light dark-grey irregular inner rim, and brighter outer rim with a strongly 
(sample 
 by 
M-CL images of quartz in pyrite-bearing quartz-rich layers and tourmalinite layers 
eration of quartz which is 
d 
rtz-rich layers that contain local spots of 
brown-weathered dolomite (layer 4, Fig. 4.10a). The field photo shows that this sample is 
also cut by a tourmaline-bearing quartz vein (Fig. 4.10a).  Sample 4C is a stratabound  








asymmetric overgrowth. Figure 4.8b illustrates an example of tourmaline grains 
1B) in BSE in which generation 1 tourmaline (inner light gray zones) is replaced
oscillatory-zoned generation 2 tourmaline. 
      SE
of sample 1B, exhibit an earlier blue/violet luminescent gen
partially replaced by red luminescent quartz (Fig. 4.9).   
4.1.2 Gurumanas Oos. 
4.1.2.1 Field Relations and Sample Descriptions – Gurumanas Oos 
      In this locality (Fig. 3.1) tourmalinites, up to 1 meter thick, are associated with 
dolomitic metasediments, and these are interlayered with metapelites. Sample 4B (Fig. 
4.10a) is a layered tourmalinite (layers 1 and 3, Fig. 4.10a) associated with red-colore
dolomite layers (layer 2, Fig. 4.10a) and qua
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Generation 1 tourmaline 










  (b) 
igure 4.8 (a) sample 1A, patchy internal zone in 
generation 1 tourmaline grain; (b) sample1B, Oscillatory-zoned generation 2 rims 
placing the inner (lighter gray) generation 1 tourmaline. Note the aligned quartz 






































Figure 4.9: BSE and SEM-CL images for quartz from the pyrite-bearing quartz-rich and 
tourmaline-rich layers in sample 1B. (a) Backscatter image of quartz grains in quartz-rich 
layer; (b) SEM-CL image for the same area as (a); (c) backscatter image of quartz in 
tourmalinite layer; (d) SEM-CL image of the same area as (c). SEM-CL red-luminescing 





veins. Sample 4E is distinctly different than the tourmalinites, being a massive quartz 
vein that crosscuts the tourmalinites (Fig. 4.10d, 4.11d). The tourmaline in 4E is 
relatively coarse (1-2 cm) black tourmaline in random orientation. 
4.1.2.2 Petrography – Gurumanas Oos 
      The tourmalinite-bearing samples (4B-4E) from the Gurumanas Oos (Fig. 3.1) are 
primarily comprised of tourmaline, quartz and carbonate minerals (dolomite and calcite) 
of variable modal amounts, and generally in a layered morphology. In addition, minor 
amounts of rutile, biotite, muscovite, monazite and ilmenite locally occur. Modes and 
grain sizes of minerals vary within and between samples. 
      Sample 4B is layered with tourmaline-, carbonate- and quartz-dominant layers (1-5 
cm thick), with the minerals (except carbonate minerals) in each of the layers having 
similar optical and textural properties. The tourmaline-dominant layers (tourmalinites) 
contain green tourmaline (60-95%), quartz (5-35%), carbonate minerals (0-10%) and 
minor rutile, biotite and muscovite (Fig. 4.12a). The carbonate-dominant layers contain 
carbonate minerals (70-80%), green tourmaline (10-20%), quartz (10%) and minor rutile 
and biotite (Fig. 4.12b). The quartz-dominant layers contain quartz (60-90%), green 
tourmaline (10-40%), carbonate minerals (0-5%) and minor rutile, biotite and muscovite 
(Fig. 4.12c). Tourmaline grains are euhedral-to-subhedral, exhibit pale yellow-to-green 
pleochroism, have dimensions of 50-300 µm in width and 200-600 µm in length and 
exhibit a complex color-zoning such that there is a pale green-blue or brown interior zone 
with outer zones of green oscillatory-zoned tourmaline (Fig. 4.13a). Where tourmaline is 

















Figure 4.10: Field photographs of outcrops of tourmalinites at Farm Gurumanas Oos. (a) 
sample 4B, carbonate-rich stratabound tourmalinite; (b) sample 4C, massive stratabound 
tourmalinite with minor carbonate minerals; (c) sample 4D, carbonate-rich stratabound 
tourmalinite; (d) sample 4E, discordant quartz-tourmaline vein. All photos provided by 








































Figure 4.11: Photographs of cut surfaces of the tourmalinites and quartz-tourmaline vein 
from Gurumanas Oos (a) sample 4B contains layered tourmalinites (layer 1 and layer 3),
quartz-rich layers (layer 4) and iron-stained carbonate (marble) layers (layer 2); (b) 
sample 4C, weakly layered dolomite-bearing massive tourmalinite; (c) sample 4D, iron-
tained dolomitic 
 
























Figure 4.12: Mineralogical and textural 
variations of different layer types in 
sample 4B (a) tourmaline-rich layer 
with color-zoned tourmaline under 
crossed nicols; (b) Carbonate-rich layer 
with two generations of carbonate: 
massive and vein carbonate under plane 
light; (c) quartz-rich layers with later 













tourmaline is generally subhedral, with some of the oscillatory zones being disrupted by 
carbonate minerals. The carbonate minerals have three styles of occurrence: (1) massive 
recrystallized carbonate minerals in carbonate-rich layers with granoblastic textures (200-
300 µm) and dark-red alteration on the rims (Fig. 4.13b), (2) carbonate patches (300-
1000 µm) in the quartz-rich layers that exhibit a chevron-type of oscillatory-zoning and 
poikiloblastically partially replacing quartz and tourmaline and (3) fine-grained carbonate 
veins that may cut the layers or may be dispersed along grain boundaries. Quartz tends to 
form individual grains (100-700 µm) or clusters of grains that are typically granoblastic, 
but aligned parallel to the layering. The quartz grains commonly contain small grains of 
biotite, tourmaline and muscovite. Biotite (50-200 µm) exhibits pale brown to brown 
pleochroism. Rutile (20-400 µm) is yellow-brown and found in all layers. Trace amounts 
of ilmenite (20-30 µm) are found in quartz.        
      Sample 4C has moderate layering with modal variations being primarily among 
tourmaline, quartz and carbonate minerals with minor amounts of rutile, biotite, 
muscovite and monazite (Fig. 4.14). Similar to 4B, tourmaline grains (10-90%) are 
euhedral-to-subhedral, have dimensions of 20-200 µm in width and 200-500 µm in length 
and exhibit a complex color-zoning such that there is a pale green-blue or brown interior 
zone with outer zones of green oscillatory-zoned tourmaline. Tourmaline and quartz 
within the carbonate patches are partially replaced disrupting some of the zoning in 
tourmaline. The carbonate minerals with red alteration at their margins develop as 
poikiloblastic patches (200-2000 µm) throughout the sample and partially replace quartz 
and tourmaline, but not muscovite.  Quartz tends to form individual grains (200-1000  
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Figure 4.13: Photomicrograph of zoned tourmalines and carbonate minerals in 4B (a) 
concentric zoning in tourmaline with light blue in the core and a green rim surrounded, 
and partially replaced by late carbonate minerals (crossed nicols). (b) Oscillatory zoning 


















Figure 4.14: Photomicrograph of 
sample 4C (a) Sample 4C tourmalinite 
layer under plane polarized light; (b) 
Anhedral rutile in crossed nicols; (c) 
Monazite intergrown with tourmaline 
and quartz – under crossed nicols. 
 
                                                   







µm) or clusters of grains that are typically granoblastic, but aligned parallel to the 
layering. The quartz grains commonly contain aligned grains of biotite and muscovite. 
Biotite (50-200 µm) exhibits a colorless to pale-green-brown pleochroism. Muscovite 
(50-300 µm) is found through the sample, but is more commonly found in the quartz-
richer layers and carbonate patches. Rutile (20-400 µm) is yellow-brown and found in all 
layers (Fig. 4.14b). Poikiloblastic monazite is elongate parallel to the layering (Fig4.14c). 
      Sample 4D has layering primarily associated with modal variations between 
tourmaline and carbonate minerals, with minor amounts of quartz, rutile, muscovite and 
monazite dispersed throughout. The carbonate-dominant portion of the sample contains 
carbonate minerals (80-95%), green tourmaline (5-15%), quartz (2-5%) and minor rutile 
and muscovite. Tourmaline-rich layers (tourmalinites) contain green tourmaline (80-
90%), carbonate minerals (10-20%), quartz (1-2%) and minor rutile (Fig. 4.15). There are 
two modes of occurrence of the carbonates minerals: massive carbonate layers and 
crosscutting fine-grained carbonate veins. The carbonate minerals in the massive 
carbonate layers have extensive hematitic alteration at the margins of the grains (100-400 
µm) and a complex replacement texture with calcite being partially replaced, locally 
leaving blade-shaped dolomite. Tourmaline grains in all layers are euhedral-to-subhedral, 
exhibit pale yellow-to-green pleochroism, have dimensions of 50-300 µm in width and 
300-1000 µm in length and exhibit a complex color-zoning such that there is a pale 
green-blue or brown interior zone with outer zones of green oscillatory-zoned tourmaline. 
In the carbonate-rich layers the tourmalines exhibit embayment and some of the 
oscillatory zoning is disrupted. Quartz is fine-grained (50-100 µm) and interstitial in the 



















 Figure 4.15: Photomicrograph of sample 4D, carbonate-rich layer under plane polarized 









muscovite and is embayed in the carbonate-rich layers. The rutile grains (100-400 µm) 
are anhedral, yellow-brown and dispersed throughout all layers. Muscovite (50-200 µm) 
is most commonly observed as inclusions in quartz, but is locally found in the matrix.   
      Sample 4E is a vein that contains only quartz (>90%) and tourmaline (<10%). The 
quartz in the thin section is a single grain that exhibits strain within the grain, but has not 
yet begun to recrystallize. The tourmaline (< 1 cm) is euhedral, exhibits pale yellow-to-
green pleochroism and has no apparent color zoning (Fig. 4.16).        
4.1.2.3 BSE and Optical CL Imaging – Gurumanas Oos 
      In BSE images, the complexity of the mineralogical replacement of the carbonate 
minerals is more apparent. There are separate grains of calcite and dolomite that might be 
suitable for geothermometer applications (Fig. 4.17a). However, even these exhibit 
replacement textures such that dolomite is locally being replaced by calcite. This can be 
even more extreme with only minor relict dolomite being preserved in the interior of 
some grains (Fig. 4.17b). 
      BSE imaging verifies the complexity of the chemical zoning in tourmalines from 
samples 4B, 4C and 4D (Fig. 4.18). In contrast, tourmaline from the quartz-tourmaline 
vein, sample 4E, appears unzoned. Tourmaline crystals cut perpendicular to the c-axis 
show the concentric oscillatory zoning with distinct, more homogeneous cores (Fig. 
4.18a). In grains cut subparallel to the c-axis, sector zoning is occasionally observed (Fig. 
4.18b). There are also multiple stages of oscillatory zoning bands in many tourmalines. A 
notable feature in the carbonate-rich layers is the local partial replacement of tourmaline 























Figure 4.16: Photomicrograph of sample 4E: quartz-tourmaline vein under plane 





























Figure 4.17: Textural relationship between dolomite and calcite in sample 4B. (a) 
Coexisting grains of calcite and dolomite from the carbonate-rich layer. These are the 
types of grains that are used for calcite-dolomite geothermometry; (b) Dolomite grain 
extensively replaced by calcite. Grains are in the tourmaline-rich layer.  
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with oscillatory zoning and multiple stages of development (Fig. 4.19). CL images reveal 
the growth and replacement of quartz grains in Gurumanas Oos. Quartz grains in 
tourmaline-rich layers in sample 4B have three stages of development (Fig. 4.20): 
generation (1) blue grains that are locally cut by the generation (2) violet quartz and 
these, in turn, by generation (3) red quartz on the margins of the grains, especially near 
the late calcite veins.  
4.1.3 Stolzenfeld Farm 
4.1.3.1 Field Relations and Sample Descriptions – Stolzenfeld Farm 
      The outcrops of the tourmalinites are along a small dry creek bed (Fig. 3.1). There are 
several isolated lens, up to 3 m thick, of tightly folded and laminated tourmaline-quartz 
rock.  All tourmalinites in the Stolzenfeld Farm area are very fine-grained relative to the 
tourmalinites in Gurumanas Area. No orange-colored carbonate minerals were found in 
isolated laminated tourmaline-quartz vein. The tourmaline content exceeds 50% of total 
rock volume and is concentrated to form layers that alternate with white quartz layers. 
Not only are the quartz layers parallel to the black tourmaline layers, but two, or more, 
generations of quartz veins cut through the entire lamination (Fig. 4.21).  
      Sample 6D is a laminated, stratiform tourmalinite. Quartz occurs predominantly in 
two lithologies: (1) thin quartz-rich layers (up to 0.1cm) alternating with the fine-grained 
black tourmaline-rich layers, and (2) quartz veins (0.1-0.2 cm) cutting the rock (Fig. 



















Figure 4.18: Backscattered electron images of tourmaline from the Gurumanas Oos 
locality. (a) Sample 4B, showing concentric, oscillatory zoning around a homogeneous 
core; (b) sample 4D, sector zoning in crystal cut subparallel to the c-axis and surrounded 
by calcite (white) with relict patches of dolomite; (c) sample 4D, two grains, one 
perpendicular to the c-axis and one parallel to the c-axis, exhibiting internal oscillatory 
zoning within the lower grain and with a later overgrowth stage of tourmaline that cuts 
the oscillatory zoning. These grains are surrounded by calcite (white) that locally embays 
the tourmaline and that has relict spots of dolomite (gray); (d) sample 4D, tourmaline 





























Figure 4.20: (a) (b) Optical CL images for quartz from sample 4B. The dark minerals are 
















Figure 4.21: Outcrop of 
tourmalinites at Farm Stolzenfeld 
(a) 6D; (b) 6E; (c) 6F Photographs 
of laminated tourmalinite with 
variable amounts of tourmaline, 
quartz and albite, and with a cross-
cutting quartz vein (sample 6D). All 






      Samples 6E and 6F are also a laminated, stratiform tourmalinite with fine-grained black 
tourmaline-rich layers alternating with quartz /plagioclase-rich layers (Figs. 4.22b,c).  
4.1.3.2. Petrography – Stolzenfeld Farm 
      All tourmalinites (6D, 6E and 6F) from the Stolzenfeld Farm locality (Fig. 3.1) have similar 
petrographic and mineral assemblage characteristics (Fig 4.23). They consist of laminated 
quartz/plagioclase-rich and tourmaline-rich layers, have minor amounts of carbonate minerals, 
rutile and ilmenite and are locally cut by quartz veins.  The tourmaline-rich layers typically 
contain 60-80% tourmaline; quartz (20-40%), plagioclase (0-5%) and minor amounts of 
carbonate minerals, rutile and ilmenite. The quartz-rich layers contain 5-40% tourmaline; quartz 
(60-95%), plagioclase (0-5%) and minor amounts of carbonate minerals, rutile, ilmenite and 
apatite. The later veins are mostly quartz (80-90%) with minor plagioclase. Tourmaline is 
generally very fine-grained (typically 10-30 µm), displays a subhedral to euhedral prismatic 
habit, and is pleochroic from light brown to brown with no apparent color zoning.  However, 
next to one of the later generation of quartz veins, coarser tourmaline develops (up to 400 µm) 
and some of the tourmalines exhibit quartz cores. Quartz within the layered tourmalinites is 
typically very fine-grained (10-30 µm) and granoblastic, but quartz in the later veins is much 
coarser (200-2000 µm) and strained. Carbonate occurs as dolomite dispersed patches (500-2000 
µm) and exhibits some hematitic alteration at the grain margins. Rutile and ilmenite are found 
as dispersed small grains (20-50 µm). Plagioclase is most common in 6E. Rare apatite grains are 




































Figure 4.22: Scans of selected 
tourmalinites from the Stolzenfeld Farm 
Area (a) Sample 6D is a laminated, 
stratiform tourmalinite with cross-cutting 
quartz veins; (b) Sample 6E is a 
laminated, stratiform tourmalinite; (c) 
sample 6F is a laminated, stratiform 




































Figure 4.23:  (a) Photomicrograph of a representative laminated tourmalinite with variable 
amounts of tourmaline, quartz and albite, and with a cross-cutting quartz vein (sample 6D); (b): 




4.1.3.3 BSE Imaging - Stolzenfeld Farm 
      BSE imaging reveals distinct zoning in the tourmalines in Stolzenfeld Farm area. 
Figure 4.24a shows tourmaline grains perpendicular to the c-axis, the core is surrounded 
by at least two stages of overgrowths. A grain parallel to the c-axis shows the patchy 
zones with thinner rim and thick core (Fig. 4.24b). Figure 4.24c was sectioned 
perpendicular to the c-axis and shows minor sector zoning and concentric overgrowths. A 
progression of three rim-growth stages is shown in Fig. 4. 24d. Figure 4.23e shows an 
asymmetric zoning in a tourmaline grain parallel to the c-axis. 
4.2 Mineral Chemistry and Chemical Zoning 
Most of the emphasis in this section is on the tourmaline chemistry and its chemical 
zoning. However, additional mineral chemical data were gathered for the petrologically 
significant carbonate minerals, biotite, plagioclase and rutile. To properly evaluate the 
tourmaline mineral chemistry, their petrologic context should be reconsidered. Table 4-1 
gives the layer types and local mineral assemblage of each of the samples in which 
tourmaline data were obtained. 
4.2.1 Tourmaline – Chemical Distinctions 
      Tourmalines from the three localities are chemically zoned, but average chemical 
composition (wt %) gives a general indication of the chemical nature of the tourmalines. 
At each location, analyses were obtained along traverses or as selected spots. Average 
analyses, with the standard deviations of the analyses, were obtained for each sample. In 
the case of sample 1A, there is a colorless rim that is texturally distinct and it was treated 
































Figure 4.24: Backscattered electron images 
of tourmaline in Stolzenfeld Farm. (a) 
Sample 6D- tourmaline is-cut perpendicular 
to the c-axis with a thick core surrounded by 
at least two overgrowth stages; (b) Sample 
6E- tourmaline is cup parallel to the c-axis, 
with patchy interior zones and irregular rims; 
(c) Sample 6E - tourmaline, sectioned 
perpendicular to the c-axis grain, and 
showing concentric oscillatory and sector 
zoning with an irregular rim; (d) Sample 6E, 
tourmaline cut perpendicular to the c-axis 
with thicker concentric zoning; (e) sample 




separately as a different component of tourmaline. Table 4-2 gives the average 
composition of tourmaline from these three localities. Complete compositional data for  
      There are significant differences in the average tourmaline compositions among the 
three localities, and some differences among samples at a single locality or within a 
single sample (Table 4-2). On average, the generation 1 tourmaline from the Gurumanas 
West and tourmaline from Gurumanas Oos exhibit many compositional similarities, 
being moderately aluminous (~30-33 wt% Al2O3), sodic (~2.1-2.6 wt% Na2O; 0.6-0.8 
wt% CaO) and magnesian (~7.8-9.3 wt% MgO). The Gurumanas West samples, 
particularly 1B, contain less Fe (assuming all Fe as Fe2+ for comparison) (3.9-6.6 wt% 
FeO) than Gurumanas Oos (7.8-8.4 wt% FeO) samples. In sample 1A of the Gurumanas 
West locality the generation 1 and 2 tourmalines are distinctly different.  Relative to 
generation 1 tourmaline, generation 2 tourmaline in 1A is significantly enriched in Mg 
(10.8 wt% MgO) and depleted in Fe (1.4 wt% FeO) and Na (2.2 wt% Na2O). In the 
samples from the Gurumanas Oos locality all samples statistically overlap.  
      The average tourmaline compositions from the Farm Stolzenfeld locality are distinct 
from that of the Gurumanas localities, being relatively enriched in Fe (13.45-15.9 wt% 
FeO) and Ti (0.31-1.4 wt% TiO2) and depleted in Mg (6.5-7.9 wt% MgO) and Ca (0.01-
0.1 wt% CaO). At the Farm Stolzenfeld locality sample 6F is relatively enriched in Mg 
(7.9 wt% MgO) and depleted in Ti (0.3 wt% TiO2).  
 4.2.1.1 Tourmaline from Gurumanas West 
Several EMP traverses across selected representative tourmaline grains show the 
nature of the compositional zoning. Most of these traverses were done on grains cut 




Table 4-1 Summary of tourmalinite and proximal layer types and their mineral 
assemblages from different locations in the Duruchaus Formation 
 
Location Sample  Layer Type  Mineral Assemblage (in order of 
abundance)  
1A Tourmalinite  Tur (generations 1 and 2) + Qtz + 
Pl + Rt 
1B Tourmalinite Tur (generations 1 and 2) + Qtz + 
Pl + Rt 
1A, 1B Pyrite-bearing quartz-
rich layer 
Tur (generations 2 and 1) + Qtz + 
Py + Pl + Bt + Rt +Ap 
Gurumanas 
West Area 
1A, 1B Semipelitic layer Qtz + Pl + Tur (generation 1) + 
Bt + Ms 
4B Carbonate-bearing 
tourmalinite 
Tur + Qtz + Dol + Cal + Rt + Bt 
+ Ms + Ilm 
4C Carbonate-bearing 
tourmalinite  
Tur + Qtz + Dol + Cal + Rt + Bt 
+ Mnz  
4D Carbonate-bearing 
tourmalinite 
Tur + Qtz + Dol + Cal + Rt ± Bt  
4B, 4C, 
4D 











6D Tourmalinite  Tur + Qtz + Dol + Rt + Ilm 
6E Tourmalinite Tur + Qtz + Dol + Rt + Ilm 





Quartz-rich layer Qtz + Tur ± Pl ± Bt ± Ap 
Mineral abbreviations: Ap= Apatite; Bt= biotite; Cal=Calcite; Dol= Dolomite; Ilm 
=Ilmenite; Mnz=monazite; Ms=muscovite; Pl=plagioclase; Py=pyrite; Qtz= quartz; 











Table 4-2:  Average composition of tourmaline from tourmalinites in different localities 
 





















SiO2 36.410.55** 37.660.54 36.120.46 35.810.52 35.720.40 36.370.29 36.070.28
Al2O3 30.340.64 32.450.44 33.081.55 31.041.14 30.601.04 31.720.89 32.200.54
Cr2O3 0.320.03 0.040.03 0.070.03 0.080.11 0.060.03 0.090.07 0.000.01
 TiO2 0.680.25 0.400.07 0.460.31 0.560.30 0.520.11 0.470.27 0.480.13
FeO*** 6.561.07 1.390.97 3.901.96 7.151.04 7.530.56 6.160.77 7.080.56
MnO 0.010.01 0.010.01 0.010.01 0.020.02 0.010.01 0.010.01 0.030.01
MgO 8.620.85 10.810.52 9.260.67 8.010.67 7.820.22 8.380.16 8.180.10
ZnO 0.020.02 0.010.02 0.020.02 0.020.02 0.030.03 0.020.03 0.030.02
CaO 0.680.13 0.630.07 0.670.21 0.670.21 0.560.09 0.550.19 0.840.20
Na2O 2.590.29 2.210.22 2.560.21 2.170.69 2.340.11 2.250.09 2.140.08
K2O 0.030.03 0.020.02 0.030.00 0.030.00 0.050.02 0.030.01 0.030.01
F 0.020.05 0.000.00 0.040.05 0.050.08 0.040.06 0.020.02 0.020.04
B2O3^ 10.55 10.84 10.73 10.52 10.45 10.64 10.72 
Total 96.55 96.46 96.97 96.13 95.73 96.72 97.82 
 
*Number of samples in ( ) represent how many analyses were employed on the 
tourmaline.  
**Superscripts represent the 1σ standard deviation of the tourmaline compositions for a 
given generation.  
*** assumes all the Fe as Fe 2+. 








Table 4-2 continued: 
 
Location Stolzenfeld Farm 
Wt% 6D(22) 6E(23) 6F(24) Slack’s (19)* 
SiO2 35.530.47 35.200.45 35.370.30 35.430.60
Al2O3 25.891.82 24.751.89 24.620.84 25.832.93
Cr2O3 0.060.03 0.100.08 0.010.01 0.040.05
  TiO2 0.951.42 1.150.45 0.310.08 1.360.63
FeO** 15.011.96 15.712.25 15.881.36 13.453.00
MnO 0.040.09 0.010.01 0.010.01 0.010.02
MgO 6.50.83 6.950.46 7.870.24 7.090.48
ZnO 0.020.02 0.020.02 0.010.02 0.120.17
CaO 0.120.16 0.040.04 0.010.01 0.000.10
Na2O 2.730.18 2.650.11 2.810.09 3.000.48
K2O 0.090.03 0.090.02 0.080.02 0.100.10
F 0.050.07 0.080.08 0.060.07 0.000.00
B2O3^ 10.32 10.23 10.30 10.26 
Total 97.29 96.96 97.34 96.81 









The traverse given in figure 4.25 shows the typical chemical evolution from core to 
rim (but oblique to the c axis) in a generation 1 tourmaline crystallized in a tourmalinite 
layer from sample 1A. The most obvious change is a general enrichment of Fe at the 
expense of Mg toward the rim.  
      The traverse shown in figure 4.26 incorporates both generation 1 and generation 2 
tourmaline (perpendicular to the c axis) in the quartz-rich layer of sample 1A. Within the 
generation 1 portion of the traverse there is a distinct core-to-rim decrease in Al. Mg and 
Fe are more complex, with Mg increasing and then decreasing towards the rim and Fe 
having a slight decrease interior to the rim, corresponding with the an increase in Mg. 
The generation 2 tourmaline is distinctly different in composition than the generation 1 
tourmaline. Relative to the proximal generation 1 core tourmaline, generation 2 
tourmaline is greatly depleted in Fe and enriched in Mg and Al with much of the Mg 
increase mirrored by the decrease in Fe.  
      The primary and secondary chemical grouping of the tourmalines at Gurumanas West 
can be established with two ternary classification diagrams (Hawthorne and Henry 1999). 
Based on the X-site occupancy the principal group for all tourmaline analyses in sample 
1A (generation 1 and generation 2) and 1B is the alkali-group, with Na/(Na+ Ca+ X 
vacancy) from 0.73-0.99, low in X-site vacancy (Fig. 4.27a, Appendices B-1, B-2, B-3, 
B-4). Because of the initial assumption that all Fe is Fe2+, the assignment of the 
secondary tourmaline subgroup (based on the inferred W site occupancy) is more 
equivocal. The assumption of all Fe is Fe 2+ will result in a maximum calculated value of 
OH-, which is used to determine the secondary grouping (Henry and Dutrow 1996). 
Arguments in the substitution section for the Gurumanas West tourmaline (given below) 
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Figure 4.25: (a) BSE image of generation 1 tourmaline a tourmaline-rich layer in sample 
1A with line showing the trace of the compositional traverse; (b) Compositional traverse 
of major and minor element along traverse shown as a white line (a). The total length of 





























Figure 4.26: (a) BSE image of generation 1 and 2 tourmaline in sample 1A showing the 
generation 1 and generation 2 compositional zone. The black line represents the 
compositional traverse plotted in (b).  (b) Compositional zoning of the major and minor 
elements along a traverse from A to B. The total length of chemical traverse is 49µm 
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suggest that the Mg for Fe substitution is probably the most important substitution, and 
by implication that Fe is largely Fe2+.  Nonetheless, some Fe3+ is inferred in the 
Gurumanas West tourmalines based on the substitution arguments below. Recalling that 
it is generally assumed that O2- is partitioned into the W site prefentially to the V site, the 
secondary group is determined based on the W-site OH-O-F ternary. All the tourmalines 
are classified as hydroxy-subgroup tourmalines (Table 3-2, Fig 4.27b). However, if some 
of the Fe is actually Fe3+, the amount of calculated OH- will decrease and the data will 
plot closer, or in, the “oxy-tourmaline” field. 
      To determine the probable species of the alkali-group tourmalines at Gurumanas 
West, all of the tourmaline data were plotted on a Mg/(Mg+Fe) versus X-vacancy/(Na 
+X-vacancy) classification diagram (Fig. 4.28). The generation 1 and generation 2 
tourmaline from Gurumanas West is classified as a dravite or “oxy-dravite” 
(Mg/(Mg+Fe) =0.637-0.934). The generation 2 tourmaline is notably enriched in Mg, and 
the Mg-richest compositions has significantly more X-site vacancies, falling close to the 
magnesiofoitite field. If the Fe assumption used for the calculation of OH is correct, most 
of these tourmalines would be classified as dravites, but if there is actually less OH than 
is implied by the charge-balanced calculations some of these tourmalines could fall in the 
“oxy-dravite” field.   
The general petrologic affinity can be compared with compositional “environmental” 
diagrams (Henry and Guidotti 1985). On the Al-Fe (tot)-Mg and Ca-Fe (tot)-Mg ternary 
“environmental” diagrams of Henry and Guidotti (1985) tourmaline in Gurumanas West      
in fields 4, 5, 6 and 10 which corresponds to tourmaline compositions that would be 
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Figure 4.27:  Primary and secondary chemical subgroups for the tourmaline in 
Gurumanas West. (a) Classification of the principal tourmaline subgroup based on X-site 
occupancy; (b) Secondary tourmaline subgroup subdivisions based on anions assumed to 














































Figure 4.28: Tourmaline species classification for low Ca and low Li tourmaline from 
Gurumanas West. Lines dividing the diagrams represent 50% of the end-member 
component. The fields on the lower portion of the diagram illustrate regions that can be 
classified as schorl (Fe-rich) versus dravite (Mg-rich) or their oxy-equivalents, dependent 







Fe3+-rich quartz-tourmaline rocks (Fig. 4.29).  The mineral assemblages of the 
Gurumanas West locality are generally consistent with these rock type designations.  
4.2.1.2 Tourmaline from Gurumanas Oos 
      The range of compositions in the Gurumanas Oos tourmalines was established with a 
series of analyses from spots representing distinct compositions or textures, as revealed 
by BSE imaging. Except to tourmaline from the quartz-tourmaline vein (sample 4E), all 
tourmalines of Gurumanas Oos are concentrically zoned from core to rim where cut 
perpendicular to the c-axis.  
      In sample 4B a total of 15 spots were analyzed on four zoned tourmaline grains, all 
tourmaline grains are cut perpendicular to the c-axis (Fig. 4.30). The complete EMP 
analyses are given in Appendix B-5. In sample 4C, a total of 16 spots were analyzed on 
two tourmaline grains, one is cut parallel to the c-axis (Fig. 4.31a), another is cut 
perpendicular to the c-axis (Fig. 4.31b). The complete EMP analyses are given in 
Appendix B-6. A short traverse was on a discrete interior zone of a tourmaline grain cut 
roughly perpendicular to c-axis in sample 4D (Fig. 4.32a, appendix B-7).    
      A total of 12 points on BSE-unzoned tourmaline grains in sample 4E were analyzed 
(Fig. 4.33). The analytical data for sample 4E indicate that these grains are essentially 
homogeneous, with the exception of slight variations of major elements such as Fe 
(0.966-1.058 apfu), Mg (1.936-2.000 apfu) (Appendix Table B-6)    
      All tourmalines in Gurumanas samples 4B, 4C, 4D and 4E are alkali-group 
tourmaline field with Na/ (Na+ Ca+ X vacancy) = 0.60-0.98 (Fig. 4.34a). They are low in 
Ca and X-site vacancies (0.00-0.01 apfu). Arguments in the substitution section for the 
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Figure 4.29: “Environmental” ternary plots showing tourmaline compositions of 
Gurumanas West and compositional fields of tourmalines found in different rock types 
(Henry and Guidotti 1985). (a) Al-Fe-Mg diagram; (b) Ca-Fe (tot)-Mg diagram. Fields: 
1= Li rich granitoid, pegmatite and aplites; 2= Li poor granitoid and associated 
pegmatites and aplites; 3= hydrothermally altered granitoids; 4= Al –saturated metapelite 
and metapsammite; 5= Al –unsaturated metapelite and metapsammite; 6= Fe3+ -rich 
quartz-tourmaline rocks, calc-silicates metapelites; 7=low-Ca ultramafic rocks; 8= 
metacarbonates and metapyroxenites; 9= Ca-rich metapelites and metapsammites; 10= 
Ca-poor metapelites and metapsammites; 11=metamorphosed carbonate rocks; 
12=metamorphosed ultramafic rocks. The dotted line shows the overlap area  
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Figure 4.30:  BSE images of 
tourmaline in Gurumanas Oos 
(sample 4B). All tourmaline grains 
are cut perpendicular to the c-axis. 
The numbers associated with the 
tourmaline grains represents 















Gurumanas Oos tourmaline (given below) suggest that the Mg for Fe substitution is 
probably a relatively important substitution, and by implication that Fe may be largely 
Fe2+.  Nonetheless, some Fe3+ is inferred in the Gurumanas Oos tourmalines based on the 
substitution arguments below. Recalling that it is generally assumed that O2- is 
partitioned into the W site prefentially to the V site, the secondary group is determined 
based on the W-site OH-O-F ternary. All the tourmalines are classified as hydroxy-
subgroup tourmalines (Fig 4.34b). However, there is certainly some Fe as Fe3+, such that 
the amount of calculated OH- will decrease and the data will plot closer, or in, the “oxy-
tourmaline” field. On an Mg/ (Mg+Fe) versus X-vacancy/ (Na +X-vacancy) classification 
diagram all of the tourmaline grains from Gurumanas Oos plot in the dravite and “oxy-
dravite” field with Mg/ (Mg+Fe) = 0.57-0.77.  
      On the Al-Fe (tot)-Mg and Ca-Fe (tot)-Mg ternary “environmental” diagram, most 
tourmalines from the Gurumanas Oos area plot in fields 5, 6 and 10, Al–unsaturated  
metapelite and metapsammite and Fe3+-rich quartz-tourmaline rocks (Fig.4.36). This is 
apparently inconsistent with the carbonate-bearing assemblages, suggesting that there 
may be some additional complexities in the tourmaline chemical or assemblage data that 
need to be taken into account in the “environmental” diagrams of Henry and Guidotti 
(1985).  
4.2.1.3 Tourmaline from Farm Stolzenfeld 
      All the tourmalines from the Stolzenfeld Farm locality (Fig. 3.1) are distinctly zoned 
with the dominant zoning related to the inverse relationship between Al and Fe. This 
relation implies that Fe must largely occur as Fe3+ in the tourmalines of the Stolzenfeld 
























































Figure 4.31:  BSE images of tourmaline in Gurumanas Oos (sample 4C). All tourmaline 
are cut perpendicular to the c-axis. The numbers associated with the tourmaline grains 






















































































Figure 4.32: (a) BSE image of tourmaline grain in sample 4D is cut parallel to the c-axis 
with a distinct core region; (b) Compositional traverse of major elements from A to B 
within core region. The total length of traverse is 192µm; the step size is 20 µm 







































Figure 4.33: BSE image of sample 4E unzoned tourmaline 12 spots in the grain were 









































































     O2-      OH-
  Hydroxy
 Subgroup
























Figure 4.34: Primary and secondary chemical subgroups for the tourmaline in Gurumanas 
Oos. (a) Classification of the principal tourmaline subgroup based on X-site occupancy; 
(b) Secondary tourmaline subgroup subdivisions based on anions assumed to occupy the 






      In sample 6D (Fig. 4.37, appendix B-9), a traverse, perpendicular to the c-axis, shows 
a core region that is chemically distinct from the zoning patterns in the rest of the 
tourmaline. The core region core region is interpreted as a detrital core whose chemical 
variation is essentially shows an inverse Fe-Mg relation. This is in contrast with the 
zoning in the rest of the grain in which is related primarily to an inverse relationship 
between Al and Fe. 
      In sample 6E, a traverse on a grain cut perpendicular to the c-axis shows a good 
inverse relationship between the Al and Fe with a slight variation of Mg (Fig. 4.38, 
appendix B-10). A minor inverse relationship between Fe and Mg occurs in the core (Fig. 
4.38b).  Ca is slightly elevated in core and Na is lower.   
Similar to 6D and 6E, a traverse was done on a tourmaline grain cut perpendicular to the 
c-axis that displayed a triangle-shaped core region. The zoning pattern in 6F shows a very 
good inverse Fe-Al relation (Fig. 4.39, appendix B-10) while Mg is nearly constant.  
      All tourmalines in the Stolzenfeld Farm samples (6D, 6E, 6F and Slack’s data) are 
alkali-group tourmalines with Na/(Na+ Ca+ X-vacancy) from 0.88-1.0 (Fig. 4.40a) In the 
case of the Stolzenfeld Farm locality the strong inverse relation between Fe and Al 
implies that Fe is likely to be mostly Fe3+. Consequently, for these tourmalines it is of all 
Fe is Fe 3+ for the purpose of calculating the OH- value for the purpose of determining the 
secondary grouping (Henry and Dutrow 1996). This assumption will result in the 
minimum value for calculated OH- and any Fe2+ that is actually present will result in an 
underestimate in the OH- proportional to the actual Fe2+ present. With these assumptions 
the tourmalines of the Stolzenfeld Farm are classified as oxy-subgroup tourmalines (Fig. 















































Figure 4.35: Tourmaline species classification for low Ca and low Li tourmaline from 
Gurumanas Oos. Lines dividing the diagrams represent 50% of the end-member 
component. The fields on the lower portion of the diagram illustrates regions that can be 
classified as schorl (Fe-rich) versus dravite (Mg-rich) or their oxy-equivalents, dependent 












































































Figure 4.36: “Environmental” ternary plots showing tourmaline compositions of 
Gurumanas Oos and compositional fields of tourmalines found in different rock types 
(Henry and Guidotti 1985).. (a) Al-Fe-Mg diagram; (b) Ca-Fe (tot)-Mg diagram. Fields: 
1= Li rich granitoid, pegmatite and aplites; 2= Li poor granitoid and associated 
pegmatites and aplites; 3= hydrothermally altered granitoids; 4= Al –saturated metapelite 
and metapsammite; 5= Al –unsaturated metapelite and metapsammite; 6= Fe3+ -rich 
quartz-tourmaline rocks, calc-silicates metapelites; 7=low-Ca ultramafic rocks; 8= 
metacarbonates and metapyroxenites; 9= Ca-rich metapelites and metapsammites; 10= 
Ca-poor metapelites and metapsammites; 11=metamorphosed carbonate rocks; 
12=metamorphosed ultramafic rocks. 
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Figure 4.37: (a) BSE image of tourmaline in sample 6D. The grain is cut perpendicular to 
c-axis; (b) Compositional zoning of the major elements from the tourmaline traverse from 
A to B in the white line of (a). The total length of white line is 22 µm (complete EMPA 




















































































Figure 4.38: (a) BSE images of tourmaline in sample 6E; (b) Compositional zoning of the 
major elements on the tourmaline from A to B along the white line. Total length of 









































calculated OH- will increase and the data will plot closer to, or in, the “hydroxy-
tourmaline” field. 
      Because of the likely dominance of Fe3+ over Fe2+ in Stolzenfeld Farm tourmalines, a 
better classification diagram is the Al-Fe diagram between “oxy-dravite” and povondraite 
(Fig. 4.41).  With the exception of the detrital core in sample 6D tourmalines plot along 
the diagonal between povondraite and “oxy-dravite”. Because the data fall to the closer to 
the “oxy-dravite” end member, the Stolzenfeld tourmalines should be classified as “oxy-
dravite”. 
      Based on the Al-Fe (tot)-Mg diagram ternary “environmental” diagram (Fig.4.42a), 
most tourmaline data in sample 6D from Stolzenfeld Farm plot in field 6, Fe3+-rich 
quartz-tourmaline rocks. Consequently, this field is consistent with the quartz-tourmaline 
rocks (tourmalinites) of the Stolzenfeld Farm area. Most tourmalines plot in the Ca-poor 
metapelites and metapsammites on the Ca-Fe (total) - Mg diagram (Fig. 4.42b). The 
implication is that the rock should be a metapelite or metapsammite but it is somewhat 
different in being a quartz-tourmaline rock and suggests that these fields in the Ca-Fe-Mg 
ternary of Henry and Guidotti (1985) may be inadequate indicators of provenance rock 
type. 
4.2.2 Tourmaline– Substitutional Mechanisms 
      The structure of tourmaline (Fig. 2.7) can accommodate a wide spectrum of major, 
minor and trace elements. To evaluate the controlling substitutions in these tourmalines 
from different locations, a series of binary diagrams are employed to isolate the likely 


















































































Figure 4.39: (a) BSE image of tourmaline in sample 6F; tourmaline grain is cut roughly 
perpendicular to the c-axis; (b) Compositional zoning of major elements along the 
tourmaline traverse from A to B show in (a). The total length of traverse is 23µm; the 









































































Figure 4.40: Primary and secondary chemical subgroups for the tourmaline in the 
Stolzenfeld Farm locality. (a) Classification of the principal tourmaline subgroup based 
on X-site occupancy; (b) Secondary tourmaline subgroup subdivisions based on anions 
assumed to occupy the W site (diagrams from Hawthorne and Henry 1999). 
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Figure 4.41: Fe versus Al diagram. All Stolzenfeld Farm tourmalines are plotted between 












4.2.2.1 Tourmaline from Gurumanas West 
       Data from the samples at Gurumanas West refine the types of substitutions inferred 
from observations of the trends in the traverses. In a plot of Fe (total) versus Mg, sample 
1A closely follows the 1:1 reference line, consistent with MgFe-1 (Fig. 4.43a). This 
implies that most of the Fe is Fe2+. Sample 1A, especially generation 2 tourmaline, does 
exhibit some deviation from the line that is likely due to additional substitutions such as 
FeAl-1 and AlO(Mg (OH))-1. The trend of the data in sample 1B deviates from the 
reference line to a greater degree than for 1A, this is probably related to operation of the  
AlFe-1 exchange vector which would cause the data plot below the reference line, and this 
also suggested that some of Fe is Fe 3+. However, plotting Fe vs. Al diagram shows that 
the array of data for 1B is generally parallel to the FeAl-1 reference line, it is offset from 
1:1 reference line. This implies that 1B may be influenced by the FeAl-1 exchange, but 
there are likely other exchanges that disperse the data. There is a large dispersion of the 
data in sample 1A (Fig. 4.43b). 
      A plot of  (Fe+ Mg) vs. Al illustrates their relatively large range in samples 1A and 
1B with the nearly linear array of data suggesting that the Al substitution is controlled by 
combinations of exchanges that include predominantly FeAl-1, □Al (NaR)-1 and AlO(R 
(OH)-1 (Fig. 4.43c).In an X vacancy versus Al diagram, sample 1A shows a slight 
positive correlation of X vacancies with Al, but this indicates that the □Al (NaR)-1 
substitution is not too important (Fig. 4.43d). The Al substitution in 1A and 1B are 
largely controlled by combinations of FeAl-1 and AlO (R (OH))-1 exchange. When the 





























































Figure 4.42: “Environmental” ternary plots showing tourmaline compositions of 
Stolzenfeld Farm and compositional fields of tourmalines found in different rock types 
(Henry and Guidotti 1985). (a) Al-Fe-Mg diagram; (b) Ca-Fe (tot)-Mg diagram Fields: 
1= Li rich granitoid, pegmatite and aplites; 2= Li poor granitoid and associated 
pegmatites and aplites; 3= hydrothermally altered granitoids; 4= Al –saturated metapelite 
and metapsammite; 5= Al –unsaturated metapelite and metapsammite; 6= Fe3+ -rich 
quartz-tourmaline rocks, calc-silicates metapelites; 7=low-Ca ultramafic rocks; 8= 
metacarbonates and metapyroxenites; 9= Ca-rich metapelites and metapsammites; 10= 
Ca-poor metapelites and metapsammites; 11=metamorphosed carbonate rocks; 
12=metamorphosed ultramafic rocks.  
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and Ca, the tourmaline data for 1A and 1B generally fall between dravite and “oxy-
dravite”, with 1B being the most enriched in oxy-dravite by via the AlO (R(OH))-1
exchange (Fig. 4.43e). Note that end-member dravite falls on the diagonal line between 
“oxy-dravite” and povondraite due to the manner of the projection. There is no direct 
correlation (no 1:1 reference line employed) between Ca and Ti, but the (-) c pole of 
tourmaline crystal is enriched in minor, but significant, amounts of Ca and Ti which 
likely accounts for this fortuitous correlation. The relatively small amounts of Ca and Ti 
in tourmaline in Gurumanas West are roughly covariable, but due to the operation of  
other independent exchange vectors, such as TiO2(R(OH)2)-1. TiR (Al)-2, and CaR(NaAl)-
1 likely operating at the (-) c-pole (Fig. 4.43f).  
 4.2.2.2 Tourmaline from Gurumanas Oos 
Dominant substitutional variations from the samples at Gurumanas Oos appear to be 
mostly combinations of MgFe-1, FeAl-1 and AlO(R (OH))-1 exchange. In a plot of Fe 
(total) versus Mg, there is a significant amount of data dispersion of suggesting several 
exchanges are operative (Fig. 4.44a). An Fe (total) versus Al diagram shows that the 
array of data for all samples is generally parallel to the FeAl-1 reference line, but with a 
scatter of dispersion of the data implying additional exchanges such as MgFe-1 are present 
and AlO (R (OH)-1 (Fig. 4.44c). In an X vacancies versus Al diagram, a slight positive 
correlation of X vacancies occurs with Al, indicating that the □Al (NaR)-1 substitution is 
not significant (Fig. 4.44d). The Al substitution is largely controlled by combinations of 
the FeAl-1 and AlO(R(OH))-1 exchanges. When the data are corrected for substitutions 





Table 4-3: Important site substitutions and corresponding exchange vectors from 
tourmaline 
 
Site substitution Exchange vector 
YFe2+ = YMg2+ MgFe-1
Y or ZAl3+  =  Y or ZFe3+ FeAl-1
XNa+ + Y or ZMg2+ = X□ + Y or Z Al3+ □Al(NaMg)-1
XNa+ + YFe2+ = X□ + YAl3+ □Al(NaFe)-1
XNa+ +Yor ZR* = X□ + Y or ZAl3+ □Al(NaR)-1
YR2+ + WOH- = YAl3++ WO2- AlO(R(OH))-1
ZMg2+ + WOH- = ZAl + WO2- AlO(Mg(OH))-1
ZMg2+ + WOH- = ZR3+** + WO2- R3+O(Mg(OH))-1
YFe2+ + WOH- = YFe3+ + WO2- Fe3+O(Fe2+(OH))-1
XNa+ + Y or Z Al3+ = XCa2+ + ZMg2+ CaMg(NaAl)-1
YR2+ + 2WOH- = YTi + 2WO2- TiO2(R(OH) 2)-1
2YAl3+ =YTi4++YR2+ TiRAl-2
*  R represents the sum of Fe2+ + Mg2+. 
**R3+ represents the sum of Fe3+ + Al3+. 
Sites are given as superscripts on left. 









































































































Figure 4.43: Binary composition diagrams for the Gurumanas West samples with 
generation 1 and generation 2 tourmaline separated in 1A. (a) Fe (total) versus Mg in 
apfu; (b) Fe (total) versus Al in apfu; (c) (Fe (total) + Mg) versus Al in apfu. The addition 
of Fe + Mg represents a projection down the MgFe-1 exchange vector (Medaris et al. 
2003). (d) X vacancies versus Al in apfu. (e) (R + X-site vacancy – Ca) versus (Al – X-
site vacancy + Ca). R represents the sum of Fe (total) + Mg i.e. projection of the data 
down the MgFe-1 exchange vector. (R + X-site vacancy – Ca) and (Al – X-site vacancy
Ca) represent (projection of the data down the □Al (NaR)-1 and CaMg (NaAl)-1 vectors 
(Medaris et al. 2003). The theoretical location of dravite and “oxy-dravite” are shown. (f
Ca versus Ti in apfu. The solid lines are reference lines with a slope of one. The 
































































































Figure 4.43 continued: 
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with increasing Al. All samples with a nearly linear array of data show that Al  (Fig. 
4.44b). A plot of Fe+Mg versus Al illustrates increasing deviation from a 1:1 line  
substitution is controlled by combinations of exchanges that include FeAl-1, □Al (NaR)-1  
fall near dravite, but with slight deviations implying the existence of AlO(R(OH))-1 and 
FeAl-1 exchanges (Fig. 4.44e). The relatively small amounts of Ca and Ti in tourmalines 
from Gurumanas Oos are roughly covariable with the Ca content being slightly higher 
than that in tourmaline in sample 1A and 1B from Gurumanas West (Fig. 4.44f). Of 
particular note is that data for sample 4E, the quartz-tourmaline vein, is virtually the same 
as that of all of the other carbonate-bearing tourmalinite samples. 
4.2.2.3 Tourmaline from Farm Stolzenfeld  
The dominant substitutional variation from the samples at Farm Stolzenfeld is the 
FeAl-1 exchange (Fig. 4.45a). In a plot of Fe (total) versus Mg, the data from the different 
samples are generally aligned parallel to the direction of the FeAl-1 vector. Therefore, all 
Fe is likely to be mostly Fe3+. The offset among samples is likely due to different Mg 
contents (Fig. 4.45a). The exception is a series of data points from the core of a grain  
interpreted to be a detrital. The data trend subparallel to the MgFe-1 vector but lie below 
the 1:1 reference line suggesting some Al substitution. A Fe (total) versus Al diagram 
shows a very strong correlation to the FeAl-1 reference line, except for the detrital core 
(Fig. 4.45b). A plot of Fe+Mg versus Al illustrates that all samples lie along a nearly 
linear array close to the 1:1 reference line. This suggests that the Al substitution is 
potentially controlled primarily by exchanges that include FeAl-1, □Al (NaR)-1 and 








































































Figure 4.44: Binary composition diagrams for the Gurumanas Oos samples. (a) Fe (total) 
versus Mg in apfu; (b) Fe (total) versus Al in apfu; (c) (Fe (total) + Mg) versus Al in 
apfu. The addition of Fe + Mg represents a projection down the MgFe-1 exchange vector 
(Medaris et al. 2003). (d) X vacancies versus Al in apfu. (e) (R + X-site vacancy – Ca) 
versus (Al – X-site vacancy + Ca). R represents the sum of Fe (total) + Mg i.e. projection 
of the data down the MgFe-1 exchange vector. (R + X-site vacancy – Ca) and (Al – X-site 
vacancy + Ca) represent (projection of the data down the □Al (NaR)-1 and CaMg (NaAl)-1 
vectors (Medaris et al. 2003). The theoretical location of dravite and “oxy-dravite” are 
shown. (f) Ca versus Ti in apfu. The solid lines are reference lines with a slope of one. 
The directions of several exchange-vectors are shown. 
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Figure 4.44 continued:  
    







































































































Figure 4.44 continued:  
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among the samples such that the TiO2(R (OH)2)-1 is operative (Fig. 4 45c). In an X 
vacancies versus Al diagram, samples show minimal correlation Al (Fig. 4.45d). 
Therefore, the Al substitution is largely controlled by combinations of FeAl-1 and 
AlO(R(OH))-1 exchanges. When the data are corrected for substitutions associated with a 
small amount of X-site vacancies and Ca, the tourmaline data generally fall above dravite 
(projected position) along a line that would extend to povondraite (Table 2-2), consistent 
with FeAl-1 exchange and “oxy-dravite”- povondraite solid solution (Fig. 4.45e). Ca is 
typically minor, but Ti is present in variable amounts (Fig. 4.45f).  
4.2.3 Carbonate Mineral Chemistry 
      No carbonate minerals (calcite and dolomite) were found in tourmalinites from 
Gurumanas West. Dolomite is the only carbonate minerals in tourmalinites from 
Stolzenfeld Farm. The carbonate minerals in Gurumanas Oos samples 4A, 4B and 4C 
have variable chemistry within a sample and among samples as suggested by the complex 
textures and CL intensities observed in the CL images (Fig. 4.19, Table 4-4).  Among the 
samples, calcite has a compositional range of XCa = 0.923-1.000, XMg = 0.003-0.061, XFe 
= 0.001-0.021 and XMn = 0.000-0.019, or having a structural formula of (Ca 0.92-
1.074Mg0.004-0.069Fe0.001-0.010Mn0.000-0.008 )CO3. Dolomite has a compositional range of XCa = 
0.488-0.519, XMg = 0.394-0.495, XFe = 0.000-0.101 and XMn = 0.004-0.02, or having a 
structural formula of (Ca 0.465-0.513Mg0.385-0.487Fe0.000-0.102Mn0.004-0.018CO3).  
4.2.4 Biotite Chemistry 
      Biotite from sample 1B (Fig. 4.7) and sample 4B (Fig. 4.12a) are compositionally 
similar. They are relatively aluminous (generally >3.0 Al apfu) and magnesian (Mg/ 
(Mg+Fe) = 0.75-0.77) and contain moderate amounts of Ti (0.15-0.20 apfu) as  
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Figure 4.45: Binary composition diagrams for the tourmaline from Farm Stolzenfeld. (a) 
(a) Fe (total) versus Mg in apfu; (b) Fe (total) versus Al in apfu; (c) (Fe (total) + Mg) 
versus Al in apfu. The addition of Fe + Mg represents a projection down the MgFe-1 
exchange vector (Medaris et al. 2003). (d) X vacancies versus Al in apfu. (e) (R + X-site 
vacancy – Ca) versus (Al – X-site vacancy + Ca). R represents the sum of Fe (total) + Mg 
i.e. projection of the data down the MgFe-1 exchange vector. (R + X-site vacancy – Ca) 
and (Al – X-site vacancy + Ca) represent (projection of the data down the □Al (NaR)-1 
and CaMg (NaAl)-1 vectors (Medaris et al. 2003). The theoretical location of dravite and 
“oxy-dravite” are shown. (f) Ca versus Ti in apfu. The solid lines are reference lines with 













































































































Figure 4.45 continued:  
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0.95(Mg1.82-1.98 Fe0.51-0.65)[Al 1.35-1.50Si 2.73-2.95O10(OH,F)2 (Table 4-5). These compositions 
are consistent with being derived from Mg-rich metapelitic layers.  
4.2.5 Rutile Chemistry 
       Rutile is found in all three localities, but does not show much chemical variation. 
Rutile from Stolzenfeld Farm has slightly higher Fe2O3 (1.06-1.12 wt %) than that from 
the Gurumanas area (0.36-0.87 wt %). Small variation for V2O5 (0.26-0.41 wt %) and Zr 
(121 ppm-295 ppm) are also shown in Table 4-6. 
4.2.6 Plagioclase Chemistry 
      Plagioclase can be found in all three localities. All plagioclase are albites with high 
Na content (Table 4-7) with the structural formula given by (Na0.98-1.00 Ca0.005-0.009 K0.002-
0.004) Al1.00 Si3.00O8.  
4.3 Geothermometry 
      To estimate temperature of formation of the tourmalinites, several geothermometers 
were used.  
4.3.1 Calcite-Dolomite Thermometry 
      The calcite-dolomite thermometer is based on the temperature-dependent miscibility 
gap that exists between calcite and dolomite. The gap narrows with the addition of Fe 
(and Mn) to the system (Anovitz and Essene, 1987). To successfully apply the calcite-
dolomite thermometer, the following conditions are necessary: (1) Calcite must be 
equilibrium with dolomite; (2) the calcite should not be exsolved to obtain peak 
conditions unless it can be properly reintegrated. However, the host of exsolved calcite 
can be used to obtain a temperature of reequilibration; (3) the Mn levels in the carbonates 





Table 4-4: Electron microprobe analyses of carbonate minerals  
 
Calcite 4B-1* 4B-2 4B-3 4C-1 4C-2 4C-3 4C-4 4C-5 
CaO 52.74 55.58 54.90 57.34 57.90 56.97 56.22 58.12 
MgO 0.37 0.66 1.78 0.44 0.91 0.83 2.67 0.15 
FeO 0.23 0.03 0.07 0.07 0.79 0.40 0.66 0.65 
MnO 0.29 0.70 0.23 0.56 0.00 0.03 0.49 0.45 
SrO 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
CO2 ** 46.37 43.02 43.02 41.60 40.40 41.77 39.96 40.63 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Based on 3 oxygens 
Ca 0.921 1.000 0.985 1.046 1.074 1.036 1.037 1.071 
Mg 0.009 0.017 0.044 0.011 0.023 0.021 0.069 0.004 
Fe 0.003 0.001 0.001 0.001 0.011 0.006 0.010 0.009 
Mn 0.004 0.010 0.003 0.008 0.000 0.001 0.007 0.007 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
C 1.031 0.987 0.983 0.967 0.949 0.968 0.939 0.954 
 












Table 4-4 continued: 
 
Calcite 4D-1 4D-2 4D-3 4D-4 4D-5 4D-6 
CaO  60.84  60.42  55.37   53.04   56.61   53.89 
MgO    0.50    0.38    0.13     0.44     0.62     0.49 
FeO    0.17    0.22    1.56     1.37     0.10     0.57 
MnO    0.87    0.44    0.35     0.42     1.06     0.55 
SrO    0.00    0.00    0.00     0.00     0.00     0.00 
CO2 **  37.62   38.55   42.59   44.73   41.62   44.50 
Total 100.00 100.00 100.00 100.00 100.00 100.00 
Based on 3 oxygens 
Ca     1.154     1.135     1.003     0.940     1.030     0.960 
Mg     0.013     0.010     0.003     0.010     0.020     0.010 
Fe     0.003     0.003     0.022     0.020     0.000     0.010 
Mn     0.013     0.007     0.005     0.010     0.020     0.010 
Sr     0.000     0.000     0.000     0.000     0.000     0.000 















Table 4-4 continued: 
Dolomite 4B-1* 4B-2 4B-3 4C-1 4C-42 4C-3 4D-1 4D-2 
CaO    29.32 28.20 29.76 28.75 29.01 28.52 30.07 30.79 
MgO    21.06 17.65 19.37 16.36 17.30 18.86 20.08 21.01 
FeO      0.02  4.42   0.12   7.50   7.63   2.35   0.30   0.18 
MnO      0.77  0.66   0.73   0.44   0.55   0.30   1.82   1.37 
SrO     0.00  0.00   0.00   0.00   0.00   0.00   0.00   0.00 
CO2 **   48.84 49.07 50.02  46.95 45.52 49.97 47.73 46.65 
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
Based on 3 oxygens 
Ca 0.479 0.465 0.483 0.486 0.496 0.465 0.498 0.513 
Mg 0.479 0.405 0.437 0.385 0.412 0.428 0.462 0.487 
Fe 0.000 0.057 0.001 0.099 0.102 0.030 0.004 0.002 
Mn 0.010 0.009 0.009 0.006 0.007 0.004 0.024 0.018 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 













Table 4-5: Electron microprobe analyses of biotite in Gurumanas Area 
Pt# 4B-1 4B-2 4B-3 4B-4 1B-5 1B-1 1B-2 1B-3 1B-4 
SiO2 38.18 38.93 38.25 38.10 38.93 39.60 38.85 38.67 38.13 
TiO2  1.60  1.71  1.74 1.66  1.74  1.75  1.64  1.70  1.68 
Al2O3 17.60 17.90 18.00 17.27 17.63 17.65 17.32 18.43 17.14 
Cr2O3  0.03  0.03  0.04  0.00  0.03  0.00  0.03  0.09  0.04 
FeO* 10.27 10.61 10.32 10.14 10.20 10.39 10.05 10.07 10.60 
MnO  0.05  0.08  0.06  0.07  0.08  0.05  0.07  0.03  0.04 
MgO 17.61 17.81 17.37 17.19 17.52 19.90 18.28 18.26 17.50 
CaO  0.17  0.04  0.05  0.11  0.05  0.00  0.13  0.00  0.19 
Na2O  0.18  0.14  0.13  0.16  0.14  0.00  0.07  0.23  0.19 
K2O  9.35 10.08 10.05  9.82  9.91  9.61  9.90  9.90  9.96 
F  0.00  0.23  0.32  0.00  0.00  0.00  0.18  0.00  0.16 
Cl 0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00  0.00 
Total 95.05 97.55 96.33 94.52 96.22 98.95 96.52 97.39 95.64 
Based on 22 oxygens  
Si 5.466 5.730 5.552 5.436 5.516 5.597 5.645 5.900 5.644 
IV Al 2.534 2.270 2.448 2.564 2.484 2.403 2.355 2.100 2.356 
VI Al 0.534 0.835 0.631 0.340 0.439 0.362 0.658 1.0 0.610 
Ti 0.172 0.189 0.190 0.178 0.183 0.145 0.189 0.196 0.179 
Cr 0.004 0.004 0.004 0.000 0.004 0.003 0.004 0.000 0.003 
Fe2+ 1.230 1.306 1.253 1.210 1.282 1.092 1.237 1.295 1.221 
Mn 0.006 0.010 0.007 0.008 0.005 0.009 0.009 0.006 0.009 
Mg 3.758 3.908 3.759 3.656 3.774 3.641 3.787 4.420 3.959 
Ca 0.026 0.006 0.008 0.017 0.030 0.004 0.007 0.000 0.020 
Na 0.049 0.039 0.037 0.044 0.054 0.044 0.039 0.000 0.021 
K 1.708 1.893 1.861 1.787 1.838 1.764 1.833 1.827 1.835 
F 0.000 0.109 0.145 0.000 0.072 0.156 0.000 0.000 0.084 
Cl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mg/Mg+Fe(tot) 0.753 0.750 0.750 0.751 0.746 0.769 0.754 0.773 0.764 
TºC* 660 674 675 665 667 639 676 690 672 
 * All Fe are given as FeO.  
















Table 4-6: Electron microprobe analyses of rutile from Duruchaus Formation 
Sample 6D-1 6D-2 6D-3 4C-1 4C-2 4C-3 
TiO2  97.35     95.06     95.00     98.17     98.06     94.07 
SiO2 0.00 0.00 0.00 0.00 0.01 0.25 
ZrO2 0.04 0.02 0.03 0.03 0.03 0.04 
Al2O3 0.00 0.00 0.00 0.00 0.00 0.82 
Cr2O3 0.02 0.04 0.05 0.11 0.08 0.06 
Fe2O3 1.06 1.47 1.12 0.37 0.87 0.76 
V2O5 0.30 0.32 0.26 0.31 0.30 0.41 
CaO 0.08 0.04 0.13 0.00 0.02 0.14 
Nb2O5         0.28 0.30 0.15 0.29 0.15 0.15 
WO3  0.03 0.43 0.23 0.03 0.23 0.18 
Total   99.16     97.68     96.97     99.31     99.75     96.86 
Zr (ppm)* 260 121 238 199 185 295 
TºC** 724 621 712 688 678 741 
*Zr (ppm) is calculated based on the wt% of ZrO2. 























miscibility gap thermometry. This study uses Anovitz and Essene’s (1987) model which 
surveyed all of the experimental data available for the Ca-Mg-Fe carbonate system and 
developed at an expression for calcite coexisting with dolomite.  
  Analyses from sample 4B (Fig. 4.17b) in a unexsolved grain yield a temperature of 
499ºC while analyses from sample 4B (Fig. 4.17a) in an equilibrium calcite and dolomite 
grains yield 579 and 573 ºC (Table 4-8). All calcite-dolomite temperature determinations  
have been corrected for Fe using Anovitz and Essene (1987) and assumes anestimated 
uncertainty of the calibration of ±50ºC.  
4.3.2 Ti-in-Biotite Geothermometer  
       In the Gurumanas area, aluminous biotite coexisting with a Ti-saturating phase 
(rutile) is used to determine a temperature based on the Ti-in-biotite geothermometer 
calibration of Henry et al. (2005). By using an extensive natural biotite data set (529 
samples) from western Maine and south-central Massachusetts in combination with the 
petrogenetic grid of Spear et al. (1999), Henry et al. (2005) calibrated the relationship 
between Ti content, temperature, and Mg/(Mg + Fe) value. The calculated Ti-saturation 
surface is curved such that for a given Mg/(Mg + Fe) value, Ti concentration increases as 
a function of temperature in a nonlinear fashion, and for a given temperature Ti 
concentrations decrease with an increase in Mg/(Mg+ Fe). The calibration range is X 
BiotiteMg = 0.275-1.000, Ti =0.04-0.60 apfu, and T = 480-800 °C. Application of this 
geothermometer to sample 4B yield a temperature of 668±6ºC and sample 1B yield 
temperature of 669±22ºC with the uncertainty representing the standard deviation of 







Table 4-7: Electron microprobe analyses of plagioclase  
Sample 6D-1 6D-2 6D-3 6D-4 4D-5 4D-6 4D-7 4D-8 
SiO2 67.66 67.78 67.68 67.38 67.34 68.34 67.63 67.76 
Al2O3 19.13 19.28 19.23 19.15 19.23 19.40 19.25 19.33 
CaO   0.14   0.12   0.16   0.20   0.10   0.18   0.13   0.15 
BaO   0.00   0.00   0.00   0.03   0.00   0.01   0.00   0.05 
Na2O 11.69 11.27 11.49 11.38 11.41 11.56 11.56 11.39 
K2O   0.05   0.06   0.07   0.06   0.06   0.05   0.06   0.04 
Total 98.67 98.52 98.64 98.19 98.14 99.53 98.63 98.73 
Based on 8 oxygens  
Si 2.996 3.000 2.996 2.996 2.995 2.997 2.995 2.996 
Al 0.998 1.006 1.003 1.004 1.008 1.003 1.005 1.007 
Ca 0.007 0.006 0.008 0.009 0.005 0.008 0.006 0.007 
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 
Na 1.004 0.967 0.986 0.981 0.984 0.983 0.992 0.976 
K 0.003 0.004 0.004 0.004 0.003 0.003 0.004 0.002 


























Table 4-8:  Carbonate minerals analyses and calculated temperature  
Sample  4B-Dol-1 4B-Cal-1 4B-Dol-1 4B-Cal-1 4B-Dol-2 4B-Cal-2 
CaO 29.76     54.90 28.20    55.58 29.01 56.22 
MgO 19.37 1.78 17.65 0.66 17.30  2.67 
FeO   0.12  0.07  4.42 0.03  7.63  0.66 
MnO   0.73  0.23  0.66 0.70  0.55  0.49 
SrO   0.00  0.00  0.00 0.00  0.00  0.00 
CO2 * 50.02 43.02 49.07 43.02 45.52 39.96 
Total   100.00    100.00    100.00    100.00    100.00    100.00 
Based on 3 oxygens 
Ca 0.483 0.985 0.465 1.000 0.496 1.037 
Mg 0.437 0.044 0.405 0.017 0.412 0.069 
Fe 0.002 0.001 0.057 0.001 0.102 0.010 
Mn 0.009 0.003 0.009 0.010 0.007 0.007 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 
C 1.034 0.983 1.032 0.987 0.992 0.939 
XFe 0.002 0.001 0.065 0.000 0.101 0.009 
XMg 0.976 0.913 0.861 0.613 0.408 0.062 
TºC  499  579  573 
*Calculated from stoichiometry. Temperature calculated using calibration of Anovitz 
and Essene (1987). Dolomite and calcite pairs are show in figure 4.17a, figure 4.17b 
(sample 4B). XFe=Fe/ (Fe+Ca+Mg); XMg= Fe/(Fe+Ca+Mg); calcite Ca+Fe+Mg is 













geothermometer calibration is estimated to be ±24ºC at lower temperatures (< 600 
ºC), improving to ±12 ºC at high temperature (> 700 ºC) (Henry, et al. 2005).   
4.3.3 Zr-in-Rutile Geothermometer  
      Zack et al. (2002, 2004) have established that the Zr content of natural rutile shows 
systematic variations attributable to differences in the crystallization temperature. Based 
on an empirical calibration, they generated a geothermometer expression that results in a  
log–linear dependence with temperature: T (in ºC) =127.8×ln (Zr in ppm) -10. All the     
tourmalinites from Duruchaus Formation contain rutiles of variable size ranging in size 
from as large as 2 mm (Fig. 4.47a) to as small as 0.01 mm (Fig. 4.47b). Application of 
the Zr-in-rutile geothermometer in our samples results in a temperature estimate of 
694±42ºC with the uncertainty representing the standard deviation temperature (Table 4-
6).  The empirical calibration of the Zr-in rutile geothermometer of Zack et al. (2004) has 
uncertainties associated with the calibration temperature estimates and the analytical 
uncertainty, and a conservative uncertainty associates with this geothermometer is 






Figure 4.46:  Biotite data from Table 4-6 plotted in terms of Ti and Mg/ (Mg+Fe) values 














































Figure 4.47: Rutile in tourmalinites used for temperature determination. (a) Rutile in 
sample 4B from Gurumanas Oos; under plane polarized light. (b) Rutile in sample 6D 
from Stolzenfeld Farm, under cross nicols. Red oval indicates is the location of the rutile. 
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CHAPTER 5 DISCUSSION AND CONCLUSIONS  
        The investigation of tourmalines and associated minerals from the tourmalinites of 
the Duruchaus Formation, Damara Belt, Namibia contribute to the understanding of 
several issues that have local and global implications. These include the condition of 
metamorphism of the tourmalinites from Namibia, the uniqueness of tourmaline 
compositions developed in meta-evaporites, the influence of compositionally distinct 
generations of fluids on the stability of tourmaline, the level of host rock inheritance of 
tourmaline chemistry in quartz-tourmaline veins, and the potential source and incursion 
of B-rich fluids. 
5.1 Metamorphic Conditions of the Meta-evaporites of the Duruchaus Formation 
      The previous estimates of metamorphic conditions of the Duruchaus Formation are 
considered equivocal. Kasch (1981, 1983 a, b) found that the pelitic-psammitic Khomas 
Group metasediments to the north of the Duruchaus Formation had undergone a general 
Barrovian style of metamorphism reaching a peak at about 550 ºC and 6-7 kbar and it 
apparently provided the low-saline fluids, preserved as fluid inclusions that interacted 
with the Duruchaus Formation evaporites. However, in the area of the window that 
exposed the Duruchaus Formation there was also an emplacement of a “hot nappe” that 
may have influenced the P-T conditions. For instance, Behr et al. (1983b) considered the 
Duruchaus Formation to have undergone biotite-grade metamorphism and hydrothermal 
crystallization that likely took place during nappe emplacement. Behr and Horn (1982) 
estimated that the “biotite isograd” was at 550ºC and 5-8 km depth (~2-3 kbar), based on 
fluid inclusions isochore intersections. Unfortunately, fluid inclusion can be reset 
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resulting in a P-T minimum estimate and additional independent P-T estimates are 
desirable.  
      The temperatures obtained from the Gurumanas Oos locality using the calcite-
dolomite thermometer slightly is higher than earlier estimates for metamorphic 
temperatures. At Gurumanas Oos, coexisting calcite and dolomite exhibit different 
textures that result in distinct temperatures. Sample 4B exhibits partial replacement of 
dolomite by calcite (Fig. 4.17a). Calcite-dolomite temperatures from such coexisting 
pairs result in temperatures of 499 ºC (calibration uncertainty of ±50ºC), reflecting this 
disequilibrium and/or partial resetting. Calcite-dolomite temperatures for pairs of separate 
calcite and dolomite grains that have equilibrium relationships yield higher temperatures 
of 573-579 ºC that are more likely to represent conditions closer to peak metamorphic 
temperature. 
      Ti–in biotite and Zr-in-rutile geothermometers yield higher temperatures than the 
carbonate thermometer, but similar to each other, and are most likely to represent peak 
metamorphic conditions. For peraluminous biotites coexisting with rutile in tourmalinite 
the Ti-in-biotite geothermometer yields temperatures of 669±22ºC for Gurumanas West 
and of 668±6ºC for Gurumanas Oos (calibration uncertainty of ±24ºC).  The Zr-in-rutile 
geothermometer in tourmalinites from Gurumanas Oos results in a temperature of 702 
±34 ºC and from Stolzenfeld Farm yields a very similar temperature of 686±56ºC 
(calibration uncertainty of ±50ºC). The similar temperature determinations based on these 
thermometers yield a higher temperature than previous estimates, but their consistency 
suggests that they are better estimates of the maximum temperature of metamorphism for 
the tourmalinites from Duruchaus Formation i.e.686-702 ºC. 
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5.2 Tourmaline Chemistry in the Meta-evaporites of the Duruchaus Formation and   
       Its Comparison to Tourmaline from Other Meta-evaporite Deposits Worldwide 
      Few occurrences of tourmaline in meta-evaporite rocks are reported in the literature, 
This is partly due to the fact that meta-evaporites commonly remain unrecognized 
because primary evaporite minerals do not survive even low-grade metamorphic 
overprints and post-depositional metasomatism and deformation in these rocks typically 
obliterates primary geochemical and textural signatures. However, there are localities that 
are clearly evaporitic in origin that have developed tourmaline. Tourmalines have been 
found in diagenetically modified evaporitic deposits in the cap rock of a salt dome of 
Challenger Knoll in the central Gulf of Mexico (Henry et al. 1999), from the brecciated 
metamorphosed cap rock of a salt dome in Alto Chapare, Cochabamba, Bolivia (Žaček et 
al. 1998), and from the Houxianyu metamorphosed boron deposit, eastern Liaoning, 
China (Jiang et al. 1997).       
      Tourmaline from the calcitic cap rock at the Challenger Knoll in the central Gulf of 
Mexico is characteristically rich in Fe and deficient in Al (<6 apfu). Individual 
tourmaline crystals are texturally and compositionally sector-zoned and have an extensive 
compositional range, with the most prominent substitution being Fe3+ (0.6-2.3 apfu) for 
Al (3.5-5.7 apfu) in accordance with the FeAl-1 exchange vector (Henry et al. 1999). An 
“oxy-dravite”- povondraite solid solution trend is a distinguishing chemical feature of 
these tourmalines (Fig. 5.1). The tourmalines developed diagenetically within mid-
Jurassic bedded salt layers that ultimately was transported to the cap rock by way a 
dissolving halite diapirs. Boron necessary to form the tourmaline likely originated from 
boron concentrated within the evaporitic deposits and/or associated with boron adsorbed 




































Figure 5.1: Relationship of Al (total) vs. Fe (total). Data are from the cap rock of a salt 
dome in the Challenger Knoll in the central Gulf of Mexico (Henry et al. 1999); 
Houxianyu boron deposits, eastern Liaoning, China (Jiang 1997); and the brecciated 
metamorphosed cap rock of a salt dome in Alto Chapare, Cochabamba, Bolivia (Žaček et 







      Tourmalines from the Cambrian/Upper Proterozoic brecciated and metamorphosed 
cap rock of a salt dome at Alto Chapare, Cochabamba, Bolivia contain low-to-extremely 
low Al tourmaline, including the tourmaline end member povondraite 
NaFe3+3(Fe3+4Mg2)(BO3)3(Si6O18) (OH)3O (Žaček et al. 1998).   Žaček et al. (1998) found 
that there is a well-defined inverse correlation between Al and Fe3+ (FeAl-1 exchange 
vector) on a trend between “oxy-dravite/dravite and povondraite (Fig. 5.1). In addition, 
the tourmalines from this locality are relatively enriched in Ti and K. The povondraites 
from Alto Chapare contain TiO2 up to 3.56 wt % with most being in the range 1.15-
3.56% than tourmaline in tourmalinites from our three localities (0.13-1.79 wt% TiO2). 
The amount of K2O is also significant with the most Fe3+-rich tourmaline containing 
>0.5 apfu K (up to 2.35 Wt% K2O). Žaček et al (1998) states that the povondraite is 
formed from evaporite-derived boron with other elements (Mg, Fe) derived from 
brecciated, alkaline volcanic xenoliths in the cap rock. 
      Tourmaline is widespread in the Proterozoic, upper amphibolite facies Houxianyu 
boron deposit, eastern Liaoning, China (Jiang et al. 1997) and is also depleted in Al. All 
tourmaline is dravitic-to-“oxy-dravitic” and is Al-poor (5.02-5.44 Al apfu) with moderate 
Fe (0.76-1.96 Fe apfu) and Ca (0.11-0.39 Ca apfu). The major elements of tourmaline 
suggest that they formed in an oxidizing, Ca- and Al-poor environment. The Al-Fe 
inverse correlation is present in these data, but it is less well developed. Rather, many of 
these tourmalines are also significantly magnesian. 
       The general chemical character of these meta-evaporitic tourmalines is such that they 
are Al-poor and Fe3+- rich with a dominant Fe3+ for Al3+ substitution (FeAl-1 exchange 
vector) (Fig. 5.1). Based on these general characteristics of the tourmalines in the 
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evaporite and meta-evaporite occurrences, Henry et al. (1999) suggested that this 
compositional pattern (FeAl-1) may represent a common chemical fingerprint of 
tourmalines developed in meta-evaporites. 
      The tourmalines from the Duruchaus Formation suggest that this is partially true, but 
that there are exceptions. Tourmalines from the Farm Stolzenfeld locality follow this 
pattern very closely, and lie on a solid solution trend between “oxy-dravite” and 
povondraite (Fig. 4.41). However, the tourmalines from the two Gurumanas localities 
only weakly follow FeAl-1, with composition that is more characteristic of moderate-to-
high Al metapelites. Nonetheless, they are relatively magnesian (XMg = 0.61-0.97) which 
is a further characteristic of some types of meta-evaporites, such as some of the 
tourmalines from the Houxianyu boron deposit. This suggests that the tourmaline in 
Gurumanas area inherits the chemical character from the interlayered metapelitic layers. 
Consequently, this low-Al trend is not the only trend that can be observed in meta-
evaporites, but Mg-enriched tourmaline compositions in more aluminous bulk 
compositions are also a common characteristic of tourmaline from meta-evaporites. 
5.3 Interaction of Duruchaus Formation Tourmalinites with Reactive Fluids 
5.3.1. Gurumanas West 
      The Gurumanas West tourmalinites contain evidence of reactive fluids that partially 
and heterogeneously replace tourmaline and quartz. This is especially well developed in 
sample 1B 
Tourmaline in tourmalinites from Gurumanas West is the only major ferromagnesian 
mineral in these tourmalinites. The hand sample, microscopic and mineral chemical 
evidence indicates there are two generations of tourmaline in tourmalinite 1B from 
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Gurumanas West. The primary-generation, green tourmalines are partially replaced by 
secondary-generation, colorless tourmalines which are more magnesian (Fig. 4.26). This 
feature can be best explained with sulfate – silicate reactions that deplete the local 
ferromagnesian silicates (tourmaline) in Fe. It is known that the Duruchaus Formation is 
at least partly evaporitic with well-preserved pseudomorphs of various evaporitic 
minerals such as Na-carbonate, borate, and sulfates (SO42-) (Mumm-Schmidt 1987). In 
sample 1B, there are goethite pseudomorphs after pyrite in the more quartzofeldspathic 
layers. Because it is certain that the original S-bearing evaporitic mineral was a Ca- or 
Na-sulfate, the generation of pyrite requires reduction of sulfate to sulfide and a source of 
Fe (local or input from the fluids).  The occurrence of the colorless, magnesian 
generation-2 tourmaline within the pyrite-rich quartzofeldspathic layers suggests that at 
least some of the Fe originates in tourmaline resulting in an Fe-depleted generation of 
tourmaline at the rims or completely replacing the tourmaline (depending on the 
location).   
      The presence of reactive fluids in the tourmalinites from Gurumanas West is revealed 
in the CL characteristics of quartz.  There are also two generations of quartz (Fig. 4.9); an 
initial generation of violet/blue-luminescing quartz is partially replaced by later red-
luminescing quartz. The coincidence of the textural evidence of with the sulfate-silicate 
reactions and multiple generations of quartz suggests that these tourmalinites have been 
subjected to the influx of a dynamic and reactive fluid.  
5.3.2. Gurumanas Oos 
      The carbonate-rich tourmalinites from the Gurumanas Oos locality have different 
types of replacement features that are indicative of a reactive fluid. Dolomite partially 
 140
replacing calcite (Fig. 4.17b), the tourmalines being embayed and partially replaced by 
calcite, and the relict fragments of dolomite in calcite (Fig. 4.18c, d) indicate the 
involvement of the reactive carbonate-bearing fluid. The CL zoning in the carbonate 
minerals (dolomite, Fig. 4.19) show concentric growth zones of dolomite which generally 
reflects adynamically evolving sequential changes in fluid composition (e.g. Emery and 
Marshall 1989). The red CL in Fig. 4.19cd shows very irregular zoning and indicates 
multiple growth generations of dolomite.  
      CL imaging of quartz (Fig. 4.20) also indicate a complex growth/replacement history. 
Quartz exhibits three different CL zones from a blue zone, violet zone and a red zone.  
The pattern in the quartz in Gurumanas West is similar to the quartz in Gurumanas Oos        
The textural patterns at Gurumanas West and Oos are consistent with the presence of 
a compositionally variable, dynamic and reactive fluid interacted with these 
tourmalinites. As suggested by Porada (1988), the arrival of a hot nappe thrust over the 
Duruchaus Formation increased the overburden pressure above the evaporitic sequence in 
the Gurumanas localities. It is likely that it caused fluidization and mobilization of 
portions of the evaporite sequence producing alkaline, fluid-rich mushes of crystal, rock 
fragments and saline fluids that modified the host tourmalinites. 
5.4 Host Rock Inheritance of Tourmaline Chemistry in Quartz-tourmaline Veins 
The amount of chemical inheritance of tourmaline from hydrothermal quartz-
tourmaline veins is rarely established. Henry and Dutrow (1996) note that it is most 
typical for tourmaline that forms in a quartz-tourmaline vein to carry a mixed chemical 
signal that is derived from both the host rock and constituents carried in fluids associated 
with vein formation. However, in the case of the tourmaline in the quartz-tourmaline vein 
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(sample 4B) that cuts the carbonate-bearing tourmalinites of the Gurumanas Oos locality, 
the chemistry of the tourmaline in the vein is virtually the same as that of the chemistry 
of the tourmaline in the host rock tourmalinite. They all belong to the alkali-tourmaline 
along with Na dominant in X-site (Fig. 4.34a), and specifically, are dravites or “Oxy-
dravites with Mg/ (Mg+Fe) =0.65-0.71, compared with 0.57-0.77 in tourmaline of host 
tourmalinites (Fig. 4.35). 
5.5 Likely Sources of B-rich Fluids in the Duruchaus Formation 
        Tourmaline is an ideal monitor of the local fluid in a metamorphic system because it 
is typically the sole borosilicate mineral found in metamorphic rocks. It can form 
throughout a metamorphic event from low temperature to high temperature and it can 
serve as a local B reservoir, as a sink or source (Henry and Dutrow 1996). The B isotopes 
in tourmaline are particularly useful for paleoenvironmental studies because the range of 
isotopic is relatively large depending on the environmental sources of B. The B that is 
incorporated into tourmaline retains these isotopic distinctions (Henry and Dutrow 1996).  
       Boron shows major characteristics such as (1) it has a very large fractionation 
between two isotopes 10B and 11B in nature (Palmer and Swihart 1996), (2) it has high 
mobility during both magmatic and fluid-related processes covering a large temperature 
range (Slack 1996); and (3) there is not a problem associated with redox reactions (Jiang 
2001). δ11B values for major reservoirs of boron are relatively well established (Swihart 
et al.1986, Oi et al. 1989, Palmer and Slack 1989, Palmer 1991, Chaussidon and Jambon 
1994). Hence, δ11B values can be used to trace the origin of boron in different geological 
environments (e.g. Palmer and Slack 1989, Slack et al.1993b). Due to fractionation of 
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boron isotopes during low-temperature absorption of boron onto marine clay, tourmaline 
generated B from a marine source will give higher δ11B (Palmer 1987). 
Three of the tourmalinite samples used in this study have B isotope analyses. These 
were done by John Slack (USGS) and Martin Palmer (Palmer and Slack 1989); one is 
sample Stolz-1 (used as Slack’s in this study) from Stolzenfeld Farm. The petrography 
and chemical properties of sample Stolz-1 is very similar to the tourmalinites (6D, 6E, 
6F) with Al 3+ -poor and Fe3+-rich compositions (Fig. 4.41, 42, John Slack, personal 
communication). Hence, B isotope value in Stolz-1 is considered to the B isotope value 
typical of that in the tourmalinites from Stolzenfeld Farm. This sample exhibited an 
enriched δ11B signal with a value of +18.3‰, and is consistent with B derived from a 
marine origin (Fig. 5.2). The other two tourmalinite samples in which B isotopic data is 
available are from the Gurumanas Oos locality. In this case the δ11B values of are 
distinctly lower (-4.1 and -8.2‰) and in good agreement with origin from a non-marine 
evaporitic source. .  
The boron isotope data suggest that there at least two fundamental sources for the 
boron that forms the tourmaline in the Duruchaus Formation. The Gurumanas Oos 
locality has clear non-marine affinities and the Stolzenfeld Farm locality has marine 
affinities. This is generally consistent with the interpretation of the evolution of the rift-
related sediments in which there was an early playa lake sequence that was strictly non-
marine which was overlain by sabkha-type marine evaporites thought to have formed 
after a marine incursion into a continental rift (Behr et al. 1983a, b). A similar evolution 

































Figure 5.2: Boron isotopic composition of tourmalines from the Duruchaus Formation, at 
Gurumanas Oos Farm and Stolzenfeld Farm, compared with those of marine and non-







5.6. Conclusions   
      This investigation clearly establishes the textures and chemical variability of the 
tourmalinites in the Neoproterozoic meta-evaporitic deposits in the Duruchaus Formation 
in Damara Belt in central Namibia. Based on this study and previous work on the 
tourmalinites in this Neoproterzoic meta-evaporitic deposit several conclusions can be 
made that are both specific to this locality and more general in nature concerning meta-
evaporites. 
 
(1) The general chemical character of tourmaline from Duruchaus Formation shows 
that almost all tourmalines are belong to alkali group and Hydroxyl- subgroup 
tourmaline, and generally they are formed in Fe3+ -rich quartz-tourmaline rocks 
associated with the Ca-poor metapelites and metapsamites environment.  
(2) Several minerals that are associated with tourmaline in tourmalinites were used to 
estimate the metamorphic conditions of the meta-evaporites of the Duruchaus 
Formation.  The peak metamorphism temperature is ~700ºC, but the carbonates 
are reset to ~575ºC associated with nappe emplacement. 
(3)  Compared to the other tourmalines found in meta-evaporite deposits world wide, 
some of the tourmalines in the Namibian tourmalinites deviate from the Al rich 
and Fe3+-poor trends. Consequently, there is not a single tourmaline composition 
chemical type that is associated with meta-evaporities, but other variations that 
are related to the local mineral assemblages. 
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(4)  The tourmalinites from Gurumanas area show the strong interaction with the 
reactive fluids which indicate Late-stage fluid-rich mushes interact and influence 
the chemistry and texture of the tourmaline.  
(5) A quartz-tourmaline vein that cuts the tourmalinites contains tourmaline that 
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APPENDIX A TOURMALINE ANALYTICAL DATA FROM PREVIOUS WORK 
 
TableA-1: Electron Microprobe Analyses of Tourmaline from Stolzenfeld Farm 
 Sample from John Slack’s (Stolz-1) 
 
Slack’s 103 104 105 106 107 108 109 110 
SiO2 35.79 36.18 34.93 34.69 35.88 36.06 36.46 35.50 
Al2O3 27.04 26.87 21.16 21.51 27.77 28.40 28.74 26.26 
Cr2O3 0.02 0.03 0.02 0.03 0.00 0.06 0.00 0.06 
TiO2 0.49 1.11 2.56 2.39 1.29 0.51 0.43 1.10 
FeO 12.14 13.10 17.42 17.82 11.43 10.90 10.12 13.78 
MnO 0.00 0.06 0.00 0.03 0.02 0.00 0.00 0.00 
MgO 7.81 6.73 7.27 7.15 6.98 7.78 7.99 6.85 
CaO 0.00 0.00 0.05 0.04 0.21 0.00 0.02 0.03 
Na2O 3.12 3.00 3.06 3.04 2.89 3.12 3.13 3.07 
K2O 0.14 0.10 0.15 0.13 0.09 0.08 0.07 0.10 
B2O3 ^ 10.38 10.39 10.05 10.08 10.38 10.49 10.54 10.30 
Total 97.02 97.69 96.69 97.09 97.02 97.45 97.62 97.18 
Based on Cations =15 (excluding K+Na+Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.993 5.953 5.965 5.987 5.977 5.969 6.013 6.020 
VIAl 0.007 0.047 0.035 0.013 0.023 0.032 0.000 0.000 
Al(Z) 5.329 5.507 5.636 5.379 5.526 5.897 5.586 4.610 
Al(Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.003 0.005 0.000 0.003 0.008 0.000 0.000 0.007 
Ti 0.062 0.185 0.170 0.190 0.064 0.104 0.053 0.239 
Fe 1.647 1.546 1.439 1.442 1.475 1.245 1.371 2.415 
Mn 0.000 0.003 0.000 0.004 0.000 0.003 0.000 0.000 
Mg 1.950 1.748 1.748 1.972 1.923 1.744 1.964 1.695 
Y-site total 3.662 3.487 3.357 3.611 3.470 3.096 3.388 4.356 
Ca 0.000 0.067 0.050 0.090 0.000 0.085 0.004 0.004 
Na 1.013 0.972 0.942 0.928 1.003 0.881 1.001 1.035 
K 0.030 0.013 0.013 0.013 0.017 0.006 0.015 0.025 
X-site 
vacancy 
0.000 0.000 0.000 0.000 0.000 0.028 0.000 0.000 
Fe/(Fe+Mg) 0.458 0.469 0.452 0.422 0.434 0.417 0.411 0.588 
O2-* 1.118 1.485 1.422 1.292 1.122 1.361 1.085 1.585 
OH-* (v +w) 2.882 2.515 2.578 2.708 2.878 2.639 2.915 2.415 
OH-* (W) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
^ Calculated on the base of 3 boron atoms per formula unit. 








Slack’s 111 112 113 115 116 117 118 121 
SiO2 34.67 35.76 35.27 35.22 34.44 35.60 36.13 34.52 
Al2O3 20.96 27.33 26.62 23.86 21.84 26.39 30.45 22.43 
Cr2O3 0.04 0.02 0.04 0.04 0.00 0.16 0.00 0.05 
TiO2 2.27 1.51 1.07 1.49 2.02 1.02 0.84 1.82 
FeO 17.86 10.38 13.97 14.95 18.21 12.86 9.01 17.14 
MnO 0.00 0.03 0.00 0.00 0.00 0.03 0.02 0.00 
MgO 6.59 7.90 6.63 7.38 6.37 6.87 7.08 6.52 
CaO 0.03 0.50 0.00 0.06 0.04 0.07 0.48 0.02 
Na2O 3.00 2.86 3.04 3.06 2.99 3.01 2.75 3.06 
K2O 0.14 0.06 0.11 0.10 0.11 0.10 0.03 0.11 
B2O3 ^ 9.92 10.38 10.30 10.16 9.99 10.25 10.52 9.97 
Total 95.78 96.82 97.24 96.43 96.43 96.40 97.38 95.76 
Based on Cations =15 (excluding K+Na+Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.969 6.027 6.038 5.953 5.992 6.010 6.054 6.076 
VIAl 0.032 0.000 0.000 0.048 0.008 0.000 0.000 0.000 
Al(Z) 5.258 4.812 5.275 5.247 5.216 5.483 5.299 4.329 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.028 0.005 0.022 0.005 0.008 0.000 0.004 0.006 
Ti 0.131 0.192 0.130 0.136 0.140 0.163 0.140 0.299 
Fe 1.822 2.068 1.789 1.922 1.899 1.589 1.802 2.534 
Mn 0.000 0.000 0.004 0.000 0.000 0.003 0.009 0.000 
Mg 1.750 1.883 1.737 1.668 1.724 1.743 1.679 1.722 
Y-site total 3.731 4.148 3.682 3.731 3.771 3.498 3.634 4.561 
Ca 0.004 0.011 0.013 0.000 0.005 0.038 0.000 0.006 
Na 0.991 1.015 0.990 0.995 1.005 0.939 0.973 1.019 
K 0.026 0.022 0.022 0.024 0.022 0.019 0.021 0.031 
X-site 
vacancy 
0.000 0.000 0.000 0.000 0.000 0.005 0.005 0.000 
Fe/(Fe+Mg) 0.510 0.523 0.507 0.535 0.524 0.477 0.518 0.595 
O2-* 1.585 1.340 1.359 1.447 1.375 1.401 1.430 1.461 
OH-* (v +w) 2.415 2.660 2.641 2.553 2.625 2.599 2.570 2.538 
















Slack’s 122 123 124 
SiO2 35.39 35.04 35.60 
Al2O3 28.01 26.35 28.72 
Cr2O3 0.04 0.21 0.00 
TiO2 1.46 1.02 1.35 
FeO 11.01 13.12 10.27 
MnO 0.02 0.00 0.00 
MgO 6.97 6.89 7.00 
CaO 0.37 0.02 0.28 
Na2O 2.98 3.00 2.90 
K2O 0.06 0.12 0.06 
B2O3 ^ 10.33 10.20 10.37 
Total 96.70 96.08 96.61 
Based on Cations =15 (excluding K+Na+Ca) 
B 3.000 3.000 3.000 
Si 5.994 6.044 5.983 
VIAl 0.006 0.000 0.017 
Al (Z) 4.474 4.315 4.355 
Al (Y) 0.000 0.000 0.000 
Cr 0.000 0.003 0.004 
Ti 0.264 0.333 0.310 
Fe2+ 2.560 2.427 2.468 
Mn2+ 0.000 0.000 0.004 
Mg 1.653 1.875 1.838 
Y-site total 4.477 4.638 4.624 
Ca 0.008 0.009 0.007 
Na 1.009 1.027 1.017 
K 0.024 0.033 0.029 
X-site vacancy 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.608 0.564 0.573 
O2-* 1.510 1.570 1.449 
OH-* (v +w) 2.490 2.431 2.551 




APPENDIX B TOURMALINE ANALYTICAL DATA 
 
Table B-1: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas West 
Sample 1A transverse line 
 
1A 1 2 3 4 5 6 7 8 
SiO2 36.76 36.15 36.23 36.56 36.77 36.34 36.64 36.39
Al2O3 30.53 30.07 30.16 29.95 30.00 30.23 30.14 30.08
Cr2O3 0.04 0.05 0.04 0.00 0.00 0.02 0.00 0.03 
TiO2 0.63 0.68 0.91 0.87 0.87 0.85 0.82 0.82 
FeO 8.31 7.93 7.63 7.70 7.70 7.69 7.77 7.53 
MnO 0.02 0.04 0.01 0.01 0.01 0.03 0.01 0.01 
MgO 8.19 8.37 8.50 8.45 8.45 8.39 8.44 8.51 
ZnO 0.02 0.00 0.01 0.01 0.01 0.00 0.00 0.01 
CaO 0.65 0.61 0.69 0.68 0.68 0.69 0.69 0.68 
Na2O 2.97 2.90 2.64 2.78 2.78 2.74 2.87 2.70 
K2O 0.03 0.02 0.02 0.03 0.03 0.04 0.30 0.01 
F 0.03 0.02 0.11 0.00 0.00 0.00 0.20 0.00 
B2O3 ^ 10.71 10.58 10.63 10.61 10.64 10.61 10.64 10.60
Total 98.89 97.42 97.84 97.65 97.94 97.63 98.52 97.37
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.965 5.940 5.923 5.989 6.006 5.952 5.983 5.967
VIAl 0.035 0.060 0.077 0.011 0.000 0.048 0.018 0.033
Al (Z) 5.804 5.764 5.734 5.772 5.781 5.787 5.783 5.780
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.005 0.007 0.005 0.000 0.000 0.003 0.000 0.004
Ti 0.077 0.084 0.112 0.107 0.107 0.105 0.101 0.101
Fe 1.128 1.090 1.074 1.055 1.052 1.053 1.061 1.033
Mn 0.003 0.006 0.001 0.001 0.001 0.004 0.001 0.001
Mg 1.981 2.050 2.072 2.064 2.058 2.049 2.054 2.080
Zn 0.002 0.000 0.001 0.001 0.001 0.000 0.000 0.001
Y-site total 3.196 3.236 3.265 3.228 3.219 3.213 3.218 3.220
Ca 0.113 0.107 0.121 0.119 0.119 0.121 0.121 0.120
Na 0.934 0.924 0.837 0.883 0.880 0.870 0.909 0.858
K 0.006 0.004 0.004 0.006 0.006 0.008 0.063 0.002
X-site 
vacancy 
0.000 0.000 0.038 0.000 0.000 0.000 0.000 0.020
F 0.015 0.010 0.057 0.000 0.000 0.000 0.103 0.000
Fe/(Fe+Mg) 0.363 0.347 0.341 0.338 0.338 0.340 0.341 0.332
O2-* 0.092 0.022 0.000 0.102 0.125 0.071 0.179 0.051
OH-* (v +w) 3.893 3.968 3.943 3.898 3.875 3.929 3.718 3.949
OH-* (W) 0.893 0.968 0.943 0.898 0.875 0.929 0.718 0.949




TableB-1 continued:  
 
 
1A 9 10 11 12 13 14 15 16 
SiO2 36.52 36.93 36.86 37.11 36.84 37.06 37.08 36.88 
Al2O3 30.31 30.75 31.02 31.08 30.23 30.81 30.63 30.64 
Cr2O3 0.07 0.03 0.03 0.02 0.08 0.08 0.03 0.06 
TiO2 0.78 0.76 0.78 0.78 0.83 0.83 0.91 0.93 
FeO 7.20 6.21 5.70 5.70 4.92 4.92 4.96 5.07 
MnO 0.00 0.02 0.01 0.01 0.03 0.03 0.00 0.00 
MgO 8.67 9.31 9.43 9.43 9.89 9.89 9.93 9.79 
ZnO 0.03 0.00 0.00 0.00 0.04 0.04 0.04 0.06 
CaO 0.75 0.74 0.75 0.75 0.71 0.71 0.76 0.76 
Na2O 2.68 2.68 2.42 2.42 2.83 2.83 2.50 2.72 
K2O 0.03 0.02 0.02 0.02 0.03 0.03 0.02 0.02 
F 0.02 0.07 0.02 0.02 0.00 0.00 0.09 0.00 
B2O3 ^ 10.64 10.76 10.76 10.80 10.67 10.77 10.76 10.73 
Total 97.70 98.28 97.80 98.14 97.10 98.00 97.71 97.66 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.964 5.966 5.954 5.974 6.002 5.979 5.989 5.973 
VIAl 0.036 0.034 0.046 0.026 0.000 0.021 0.011 0.027 
Al (Z) 5.798 5.820 5.859 5.871 5.807 5.838 5.820 5.822 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.009 0.004 0.004 0.003 0.010 0.010 0.004 0.008 
Ti 0.096 0.092 0.095 0.094 0.102 0.101 0.111 0.113 
Fe 0.983 0.839 0.770 0.767 0.670 0.664 0.670 0.687 
Mn 0.000 0.003 0.001 0.001 0.004 0.004 0.000 0.000 
Mg 2.111 2.242 2.271 2.263 2.402 2.379 2.391 2.364 
Zn 0.004 0.000 0.000 0.000 0.005 0.005 0.005 0.007 
Y-site total 3.202 3.180 3.141 3.129 3.193 3.162 3.180 3.179 
Ca 0.131 0.128 0.130 0.129 0.124 0.123 0.132 0.132 
Na 0.849 0.839 0.758 0.755 0.894 0.885 0.783 0.854 
K 0.006 0.004 0.004 0.004 0.006 0.006 0.004 0.004 
X-site 
vacancy 
0.014 0.028 0.108 0.111 0.000 0.000 0.081 0.010 
F 0.010 0.036 0.010 0.010 0.000 0.000 0.046 0.000 
Fe/(Fe+Mg) 0.318 0.272 0.253 0.253 0.218 0.218 0.219 0.225 
O2-* 0.076 0.074 0.028 0.055 0.165 0.161 0.079 0.144 
OH-* (v +w) 3.914 3.891 3.962 3.935 3.835 3.839 3.875 3.856 











1A 17 18 19 20 21 22 23 24 
SiO2 37.09 37.18 37.17 37.00 36.79 36.93 36.88 36.68
Al2O3 30.63 30.73 30.64 30.30 30.40 31.43 31.20 30.53
Cr2O3 0.00 0.08 0.05 0.05 0.04 0.03 0.03 0.08 
TiO2 1.04 1.11 1.11 1.12 1.03 0.72 0.79 0.82 
FeO 4.82 4.44 4.59 5.37 5.98 5.73 6.08 6.89 
MnO 0.00 0.00 0.01 0.01 0.02 0.00 0.01 0.02 
MgO 10.13 10.29 10.21 9.94 9.63 8.98 9.03 8.68 
ZnO 0.09 0.01 0.02 0.02 0.00 0.00 0.02 0.03 
CaO 0.88 0.87 0.90 0.83 0.83 0.79 0.80 0.69 
Na2O 2.70 2.77 2.45 2.71 2.65 2.73 2.45 2.68 
K2O 0.03 0.02 0.03 0.02 0.02 0.02 0.04 0.01 
F 0.03 0.03 0.00 0.00 0.00 0.00 0.13 0.04 
B2O3 ^ 10.80 10.82 10.80 10.77 10.75 10.74 10.76 10.67
Total 98.24 98.35 97.98 98.14 98.14 98.10 98.22 97.82
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.971 5.974 5.980 5.973 5.947 5.975 5.959 5.975
VIAl 0.029 0.026 0.020 0.027 0.053 0.025 0.041 0.025
Al (Z) 5.783 5.793 5.789 5.737 5.738 5.968 5.900 5.836
Cr 0.000 0.010 0.006 0.006 0.005 0.004 0.004 0.010
Ti 0.126 0.134 0.134 0.136 0.125 0.088 0.096 0.100
Fe 0.649 0.597 0.618 0.725 0.808 0.775 0.822 0.939
Mn 0.000 0.000 0.001 0.001 0.003 0.000 0.001 0.003
Mg 2.431 2.465 2.449 2.392 2.321 2.166 2.175 2.108
Zn 0.011 0.001 0.002 0.002 0.000 0.000 0.002 0.004
Y-site total 3.217 3.207 3.211 3.263 3.262 3.033 3.100 3.164
Ca 0.152 0.150 0.155 0.144 0.144 0.137 0.139 0.120
Na 0.843 0.863 0.764 0.848 0.831 0.856 0.768 0.846
K 0.006 0.004 0.006 0.004 0.004 0.004 0.008 0.002
X-site 
vacancy 
0.000 0.000 0.075 0.004 0.022 0.003 0.086 0.031
F 0.015 0.015 0.000 0.000 0.000 0.000 0.066 0.021
Fe/(Fe+Mg) 0.211 0.195 0.201 0.233 0.258 0.264 0.274 0.308
O2-* 0.148 0.211 0.122 0.125 0.062 0.256 0.105 0.108
OH-* (v +w) 3.836 3.774 3.878 3.875 3.938 3.744 3.829 3.871





Table B-2: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas West 




1A 1 2 3 4 5 6 7 8 
SiO2 37.72 37.46 37.89 38.15 38.11 37.60 37.25 37.28 
Al2O3 32.05 32.79 32.68 33.05 32.96 32.96 32.33 32.03 
Cr2O3 0.08 0.06 0.06 0.06 0.05 0.05 0.07 0.07 
TiO2 0.50 0.48 0.49 0.42 0.37 0.35 0.36 0.42 
FeO 1.05 0.84 0.83 0.62 0.63 0.80 1.84 2.92 
MnO 0.03 0.00 0.00 0.03 0.00 0.00 0.00 0.00 
MgO 11.12 11.21 11.32 11.32 11.30 11.06 10.74 10.13 
ZnO 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 
CaO 0.66 0.58 0.62 0.62 0.62 0.60 0.69 0.74 
Na2O 2.35 2.19 2.00 1.61 2.12 2.10 2.20 2.15 
K2O 0.03 0.00 0.02 0.00 0.04 0.00 0.00 0.00 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3 ^ 10.82 10.88 10.94 10.99 10.97 10.88 10.80 10.77 
Total 96.41 96.49 96.85 96.87 97.20 96.40 96.28 96.51 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.057 5.982 6.021 6.031 6.039 6.006 5.993 6.017 
VIAl 0.000 0.018 0.000 0.000 0.000 0.000 0.007 0.000 
Al (Z) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Al (Y) 0.066 0.154 0.021 0.158 0.155 0.205 0.124 0.092 
Cr 0.010 0.008 0.008 0.008 0.006 0.006 0.009 0.009 
Ti 0.060 0.058 0.059 0.050 0.044 0.042 0.044 0.051 
Fe 0.141 0.112 0.110 0.082 0.084 0.107 0.248 0.394 
Mn 0.004 0.000 0.000 0.004 0.000 0.000 0.000 0.000 
Mg 2.662 2.669 2.682 2.668 2.669 2.634 2.576 2.437 
Zn 0.000 0.000 0.000 0.000 0.004 0.000 0.000 0.000 
Y-site total 2.943 3.000 2.879 2.969 2.962 2.994 3.000 2.983 
Ca 0.114 0.099 0.106 0.105 0.105 0.103 0.119 0.128 
Na 0.732 0.678 0.616 0.494 0.651 0.650 0.686 0.673 
K 0.006 0.000 0.004 0.000 0.008 0.000 0.000 0.000 
X-site 
vacancy 
0.149 0.223 0.274 0.402 0.235 0.247 0.195 0.199 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.050 0.040 0.040 0.030 0.030 0.039 0.088 0.139 
O2-* 0.275  0.136 0.119 0.031 0.193 0.163 0.137 0.165 
OH-* (v +w) 3.725 3.864 3.881 3.969 3.807 3.837 3.863 3.835 
OH-* (W) 0.725 0.864 0.881 0.969 0.807 0.837 0.863 0.835 







Table B-2 continued: 
 
1A 9 10 11 12 13 14 15 16 
SiO2 36.92 36.76 36.82 36.63 36.82 36.51 36.33 35.99 
Al2O3 31.76 31.65 31.14 31.09 30.63 30.70 30.05 29.60 
Cr2O3 0.02 0.00 0.00 0.05 0.04 0.05 0.03 0.07 
TiO2 0.46 0.51 0.58 0.75 0.82 0.77 0.81 0.82 
FeO 3.23 3.16 3.45 3.36 3.56 4.62 5.62 6.64 
MnO 0.01 0.02 0.02 0.00 0.02 0.01 0.00 0.00 
MgO 9.89 9.71 9.75 9.95 9.66 9.25 8.96 8.64 
ZnO 0.00 0.00 0.00 0.00 0.00 0.07 0.14 0.00 
CaO 0.77 0.72 0.85 0.84 0.84 0.83 0.83 0.75 
Na2O 2.36 2.09 2.02 2.31 2.22 2.04 2.32 2.17 
K2O 0.03 0.02 0.02 0.01 0.02 0.03 0.04 0.01 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3 ^ 10.68 10.61 10.59 10.60 10.54 10.55 10.49 10.43 
Total 96.13 95.25 95.24 95.59 95.17 95.43 95.62 95.17 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.009 6.021 6.043 6.004 6.072 6.017 6.019 5.997 
VIAl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 
Al (Z) 6.000 6.000 6.000 6.000 5.953 5.962 5.868 5.811 
Al (Y) 0.092 0.110 0.024 0.006 0.000 0.000 0.000 0.000 
Cr 0.003 0.000 0.000 0.007 0.005 0.007 0.004 0.009 
Ti 0.056 0.063 0.072 0.092 0.102 0.095 0.101 0.103 
Fe 0.440 0.433 0.474 0.461 0.491 0.637 0.779 0.931 
Mn 0.001 0.003 0.003 0.000 0.003 0.001 0.000 0.000 
Mg 2.400 2.371 2.386 2.431 2.375 2.272 2.213 2.146 
Zn 0.000 0.000 0.000 0.000 0.000 0.009 0.017 0.000 
Y-site total 2.992 2.980 2.959 2.997 2.975 3.021 3.114 3.189 
Ca 0.134 0.126 0.150 0.148 0.148 0.147 0.147 0.134 
Na 0.745 0.664 0.643 0.734 0.710 0.652 0.745 0.701 
K 0.006 0.004 0.004 0.002 0.004 0.006 0.009 0.002 
X-site 
vacancy 
0.115 0.206 0.204 0.116 0.138 0.195 0.099 0.163 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.155 0.154 0.166 0.159 0.171 0.219 0.260 0.303 
O2-* 0.224 0.198 0.199 0.235 0.315 0.135 0.142 0.000 
OH-* (v +w) 3.756 3.802 3.801 3.765 3.685 3.865 3.858 4.000 







Table B-2 continued: 
 
1A 17 18 19 20 21 22 23 24 
SiO2 36.49 36.52 36.81 36.75 36.67 36.13 36.37 36.20 
Al2O3 29.21 29.26 29.07 29.53 29.22 29.96 29.84 30.04 
Cr2O3 0.02 0.00 0.00 0.00 0.00 0.04 0.00 0.01 
TiO2 0.79 0.68 0.68 0.71 0.71 0.62 0.66 0.68 
FeO 7.17 7.52 7.11 7.25 7.08 6.34 6.00 5.61 
MnO 0.00 0.00 0.02 0.00 0.00 0.00 0.02 0.03 
MgO 8.45 8.26 8.19 8.51 8.49 8.57 8.86 8.82 
ZnO 0.00 0.07 0.04 0.00 0.00 0.00 0.00 0.02 
CaO 0.70 0.70 0.72 0.73 0.80 0.83 0.84 0.80 
Na2O 2.44 2.37 2.50 2.26 2.38 2.21 2.27 2.25 
K2O 0.04 0.05 0.00 0.04 0.03 0.02 0.01 0.05 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3 ^ 10.44 10.45 10.40 10.53 10.45 10.43 10.46 10.43 
Total 95.75 95.88 95.54 96.31 95.83 95.15 95.33 94.94 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.074 6.075 6.150 6.069 6.097 6.021 6.043 6.033 
VIAl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al (Z) 5.730 5.737 5.724 5.747 5.726 5.884 5.843 5.901 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.003 0.000 0.000 0.000 0.000 0.005 0.000 0.001 
Ti 0.099 0.085 0.085 0.088 0.089 0.078 0.083 0.085 
Fe 0.998 1.046 0.993 1.001 0.984 0.884 0.834 0.782 
Mn 0.000 0.000 0.003 0.000 0.000 0.000 0.003 0.004 
Mg 2.097 2.048 2.040 2.095 2.104 2.129 2.195 2.191 
Zn 0.000 0.009 0.005 0.000 0.000 0.000 0.000 0.003 
Y-site total 3.196 3.188 3.126 3.184 3.178 3.095 3.114 3.066 
Ca 0.125 0.125 0.129 0.129 0.143 0.148 0.150 0.143 
Na 0.787 0.764 0.810 0.724 0.767 0.714 0.731 0.727 
K 0.009 0.011 0.000 0.008 0.006 0.004 0.002 0.011 
X-site 
vacancy 
0.079 0.100 0.061 0.139 0.084 0.134 0.117 0.120 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.322 0.338 0.328 0.323 0.319 0.293 0.275 0.263 
O2-* 0.123 0.073 0.257 0.051 0.156 0.101 0.127 0.159 
OH-* (v +w) 3.877 3.927 3.743 3.949 3.845 3.899 3.873 3.841 








Table B-2 continued: 
 
1A 25 26 27 28 29 30 31 32 
SiO2 36.22 36.32 36.51 37.26 37.54 37.78 37.44 36.71 
Al2O3 30.03 30.32 30.06 30.08 30.61 30.40 30.45 31.12 
Cr2O3 0.03 0.04 0.03 0.00 0.04 0.00 0.03 0.00 
TiO2 0.63 0.49 0.40 0.37 0.28 0.29 0.24 0.26 
FeO 6.28 6.58 7.49 7.34 6.99 6.75 6.77 7.07 
MnO 0.02 0.00 0.00 0.08 0.00 0.03 0.00 0.00 
MgO 8.71 8.33 7.70 7.53 7.41 7.38 7.27 7.59 
ZnO 0.02 0.00 0.00 0.06 0.00 0.05 0.09 0.00 
CaO 0.81 0.74 0.62 0.58 0.48 0.44 0.49 0.49 
Na2O 2.22 2.16 2.39 2.20 2.18 2.19 2.21 2.27 
K2O 0.03 0.03 0.02 0.02 0.05 0.05 0.02 0.04 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3 ^ 10.47 10.47 10.43 10.48 10.52 10.49 10.44 10.52 
Total 95.47 95.48 95.65 96.00 96.10 95.85 95.45 96.07 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.011 6.028 6.085 6.178 6.205 6.259 6.233 6.064 
VIAl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al (Z) 5.874 5.931 5.904 5.878 5.963 5.936 5.975 6.000 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.058 
Cr 0.004 0.005 0.004 0.000 0.005 0.000 0.004 0.000 
Ti 0.079 0.061 0.050 0.046 0.035 0.036 0.030 0.032 
Fe 0.872 0.913 1.044 1.018 0.966 0.935 0.943 0.977 
Mn 0.003 0.000 0.000 0.011 0.000 0.004 0.000 0.000 
Mg 2.155 2.061 1.913 1.861 1.826 1.823 1.804 1.869 
Zn 0.003 0.000 0.000 0.007 0.000 0.006 0.011 0.000 
Y-site total 3.115 3.041 3.011 2.944 2.832 2.805 2.792 2.936 
Ca 0.144 0.132 0.111 0.103 0.085 0.078 0.087 0.087 
Na 0.714 0.695 0.772 0.707 0.699 0.704 0.713 0.727 
K 0.006 0.006 0.004 0.004 0.011 0.011 0.004 0.008 
X-site 
vacancy 
0.135 0.167 0.113 0.186 0.206 0.208 0.195 0.178 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.288 0.307 0.353 0.354 0.346 0.339 0.343 0.343 
O2-* 0.064 0.080 0.176 0.236 0.327 0.391 0.386 0.159 
OH-* (v +w) 3.936 3.920 3.824 3.764 3.673 3.609 3.614 3.841 






Table B-2 continued: 
 
 
1A 33 34 35 36 37 38 39 40 
SiO2 36.23 36.45 36.44 36.55 36.43 36.18 36.15 36.11 
Al2O3 31.15 31.80 31.85 31.54 30.90 30.63 30.36 30.76 
Cr2O3 0.00 0.02 0.02 0.00 0.08 0.02 0.03 0.01 
TiO2 0.24 0.21 0.19 0.24 0.43 0.46 0.50 0.35 
FeO 6.94 6.59 6.54 6.66 7.13 7.18 7.66 7.60 
MnO 0.02 0.02 0.00 0.00 0.00 0.01 0.00 0.00 
MgO 7.54 7.50 7.45 7.63 7.62 7.61 7.46 7.54 
ZnO 0.03 0.01 0.00 0.00 0.00 0.10 0.00 0.00 
CaO 0.42 0.37 0.34 0.39 0.49 0.60 0.64 0.62 
Na2O 2.20 2.25 2.24 2.25 2.36 2.23 2.23 2.38 
K2O 0.03 0.03 0.01 0.00 0.04 0.04 0.05 0.04 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3 ^ 10.45 10.52 10.51 10.53 10.49 10.44 10.41 10.46 
Total 95.25 95.77 95.59 95.79 95.97 95.50 95.49 95.87 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.025 6.020 6.026 6.035 6.034 6.025 6.035 6.003 
VIAl 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Al (Z) 6.000 6.000 6.000 6.000 6.000 6.000 5.973 6.000 
Al (Y) 0.105 0.190 0.207 0.138 0.032 0.012 0.000 0.027 
Cr 0.000 0.003 0.003 0.000 0.011 0.003 0.004 0.001 
Ti 0.030 0.026 0.024 0.030 0.054 0.058 0.063 0.044 
Fe 0.965 0.910 0.904 0.920 0.988 1.000 1.069 1.057 
Mn 0.003 0.003 0.000 0.000 0.000 0.001 0.000 0.000 
Mg 1.869 1.847 1.837 1.878 1.882 1.889 1.856 1.869 
Zn 0.004 0.001 0.000 0.000 0.000 0.012 0.000 0.000 
Y-site total 2.976 2.980 2.975 2.966 2.967 2.975 2.992 2.998 
Ca 0.075 0.066 0.060 0.069 0.087 0.107 0.115 0.110 
Na 0.709 0.721 0.718 0.720 0.758 0.720 0.722 0.767 
K 0.006 0.006 0.002 0.000 0.009 0.009 0.011 0.009 
X-site 
vacancy 
0.210 0.208 0.220 0.211 0.147 0.164 0.153 0.114 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.341 0.330 0.330 0.329 0.344 0.346 0.365 0.361 
O2-* 0.075 0.142 0.149 0.125 0.159 0.110 0.133 0.118 
OH-* (v +w) 3.925 3.858 3.851 3.875 3.841 3.890 3.867 3.882 







Table B-2 continued: 
 
 
1A 41 42 43 44 45 46 47 48 
SiO2 36.15 35.88 36.19 36.83 36.74 36.26 36.16 36.20 
Al2O3 30.52 30.53 30.02 30.05 30.15 30.20 29.90 29.13 
Cr2O3 0.01 0.01 0.01 0.00 0.04 0.00 0.00 0.03 
TiO2 0.29 0.26 0.31 0.37 0.39 0.39 0.65 0.62 
FeO 7.64 7.60 7.56 6.68 6.43 6.36 6.40 6.99 
MnO 0.00 0.00 0.00 0.04 0.00 0.00 0.00 0.02 
MgO 7.43 7.66 7.73 7.98 8.23 8.31 8.50 8.56 
ZnO 0.04 0.00 0.00 0.01 0.00 0.00 0.05 0.00 
CaO 0.59 0.61 0.66 0.67 0.63 0.60 0.79 0.65 
Na2O 2.31 2.24 2.37 2.40 2.28 2.25 2.31 2.41 
K2O 0.04 0.06 0.02 0.02 0.03 0.01 0.04 0.00 
F 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
B2O3 ^ 10.41 10.44 10.39 10.43 10.46 10.41 10.42 10.39 
Total 95.43 95.63 95.26 95.48 95.38 94.79 95.22 95.00 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.036 5.973 6.055 6.135 6.107 6.053 6.030 6.057 
VIAl  0.027       
Al (Z) 6.000 5.964 5.919 5.900 5.906 5.942 5.877 5.745 
Al (Y) 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.001 0.001 0.001 0 0.005 0 0 0.004 
Ti 0.036 0.033 0.039 0.046 0.049 0.049 0.082 0.078 
Fe 1.067 1.058 1.058 0.931 0.894 0.8879 0.893 0.978 
Mn 0.000 0.000 0.000 0.006 0.000 0.000 0.000 0.003 
Mg 1.849 1.901 1.928 1.982 2.039 2.068 2.113 2.135 
Zn 0.005 0.000 0.000 0.001 0.000 0.000 0.006 0.000 
Y-site total 2.964 2.993 3.026 2.965 2.987 3.005 3.093 3.198 
Ca 0.106 0.109 0.118 0.12 0.112 0.107 0.141 0.117 
Na 0.748 0.723 0.769 0.775 0.735 0.728 0.747 0.782 
K 0.009 0.013 0.004 0.004 0.006 0.002 0.009 0.000 
X-site 
vacancy 
0.138 0.156 0.109 0.101 0.147 0.162 0.103 0.102 
F 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.366 0.358 0.354 0.320 0.305 0.300 0.297 0.314 
O2-* 0.113 0.000 0.118 0.279 0.188 0.091 0.131 0.034 
OH-* (v +w) 3.887 4.000 3.882 3.721 3.812 3.909 3.869 3.966 







Table B-2 continued: 
 
1A-2 49 50 
SiO2 36.22 35.49 
Al2O3 29.00 29.20 
Cr2O3 0.06 0.04 
TiO2 0.70 0.72 
FeO 7.60 7.44 
MnO 0.00 0.01 
MgO 8.27 8.10 
ZnO 0.00 0.01 
CaO 0.64 0.73 
Na2O 2.33 2.26 
K2O 0.03 0.04 
F 0.00 0.00 
B2O3 ^ 10.39 10.29 
Total 95.24 94.33 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 
Si 6.060 5.996 
VIAl 0.000 0.004 
Al (Z) 5.718 5.810 
Al (Y) 0.000 0.000 
Cr 0.008 0.005 
Ti 0.088 0.092 
Fe 1.063 1.051 
Mn 0.000 0.001 
Mg 2.063 2.040 
Zn 0.000 0.001 
Y-site total 3.222 3.190 
Ca 0.115 0.132 
Na 0.756 0.740 
K 0.006 0.009 
X-site vacancy 0.123 0.119 
F 0.000 0.000 
Fe/(Fe+Mg) 0.340 0.340 
O2-* 0.014 0.005 
OH-* (V +W) 3.987 3.995 









Table B-3: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas West-
Sample 1B  
 
 
1B 1 2 3 4 5 6 7 8 
SiO2 36.55 36.16 36.58 36.05 36.76 35.98 36.48 36.21 
Al2O3 33.41 33.42 35.08 34.06 34.66 33.73 34.14 34.04 
Cr2O3 0.07 0.11 0.15 0.09 0.08 0.13 0.10 0.09 
TiO2 0.39 0.30 0.13 0.19 0.20 0.30 0.28 0.28 
FeO 3.51 3.10 1.21 3.69 2.11 3.53 2.19 1.61 
MnO 0.00 0.01 0.00 0.01 0.02 0.00 0.00 0.02 
MgO 9.55 9.37 9.68 8.72 9.68 8.96 9.82 9.95 
ZnO 0.00 0.00 0.08 0.01 0.03 0.00 0.02 0.00 
CaO 0.53 0.50 0.41 0.45 0.48 0.64 0.69 0.69 
Na2O 2.75 2.40 2.74 2.63 2.72 2.32 2.73 2.06 
K2O 0.01 0.00 0.02 0.03 0.02 0.02 0.03 0.02 
F 0.15 0.04 0.00 0.09 0.08 0.08 0.00 0.00 
B2O3 ^ 10.83 10.71 10.85 10.72 10.90 10.70 10.83 10.75 
Total 97.75 96.12 96.93 96.74 97.74 96.39 97.31 95.72 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.867 5.868 5.860 5.846 5.862 5.843 5.853 5.853 
VIAl 0.133 0.132 0.141 0.155 0.138 0.157 0.147 0.148 
Al (Z) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Al (Y) 0.188 0.260 0.482 0.355 0.377 0.298 0.309 0.337 
Cr 0.009 0.014 0.019 0.012 0.010 0.017 0.013 0.012 
Ti 0.047 0.037 0.016 0.023 0.024 0.037 0.034 0.034 
Fe 0.471 0.421 0.162 0.500 0.281 0.479 0.294 0.218 
Mn 0.000 0.001 0.000 0.001 0.003 0.000 0.000 0.003 
Mg 2.285 2.267 2.312 2.108 2.301 2.169 2.349 2.397 
Zn 0.000 0.000 0.010 0.001 0.004 0.000 0.002 0.000 
Y-site total 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Ca 0.091 0.087 0.070 0.078 0.082 0.111 0.119 0.120 
Na 0.856 0.755 0.851 0.827 0.841 0.731 0.849 0.646 
K 0.002 0.000 0.004 0.006 0.004 0.004 0.006 0.004 
X-site 
vacancy 
0.051 0.158 0.075 0.089 0.073 0.154 0.026 0.231 
F 0.076 0.021 0.000 0.046 0.040 0.041 0.000 0.000 
Fe/(Fe+Mg) 0.171 0.157 0.066 0.192 0.109 0.181 0.111 0.083 
O2-* 0.198 0.145 0.379 0.246 0.303 0.188 0.332 0.157 
OH-* (v +w) 3.726 3.835 3.621 3.708 3.657 3.771 3.668 3.843 
OH-* (W) 0.726 0.835 0.621 0.708 0.657 0.771 0.668 0.843 
 








1B 9 10 11 12 13 14 15 16 
SiO2 36.25 35.59 36.11 35.82 35.47 35.73 35.67 35.38 
Al2O3 33.39 32.16 31.20 31.50 31.29 30.94 30.65 30.48 
Cr2O3 0.01 0.05 0.05 0.03 0.04 0.03 0.1 0.05 
TiO2 0.36 0.45 1.08 0.88 0.69 1.05 1.07 0.78 
FeO 3.00 4.82 4.72 3.90 7.56 4.73 5.51 8.01 
MnO 0.00 0.02 0.02 0.01 0 0.01 0.03 0 
MgO 9.62 8.86 9.74 9.60 7.86 9.6 9.51 8.11 
ZnO 0.05 0.00 0.02 0.00 0.01 0.03 0.05 0.02 
CaO 0.69 0.76 1.05 0.99 0.83 0.98 1.03 0.96 
Na2O 2.65 2.39 2.52 2.17 2.57 2.44 2.6 2.58 
K2O 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.04 
F 0.16 0.00 0.04 0.02 0.03 0 0 0.1 
B2O3 ^ 10.75 10.56 10.69 10.57 10.538 10.579 10.605 10.547 
Total 96.96 95.69 97.28 95.52 96.918 96.149 96.845 97.446 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.861 5.858 5.873 5.891 5.850 5.870 5.846 5.830 
VIAl 0.139 0.142 0.127 0.109 0.150 0.130 0.154 0.170 
Al (Z) 6.000 6.000 6.000 6.000 6.000 5.991 5.920 5.920 
Al (Y) 0.224 0.097 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.001 0.007 0.006 0.004 0.005 0.004 0.013 0.007 
Ti 0.044 0.056 0.132 0.109 0.086 0.130 0.132 0.097 
Fe 0.406 0.664 0.642 0.536 1.043 0.650 0.755 1.104 
Mn 0.000 0.003 0.003 0.001 0.000 0.001 0.004 0.000 
Mg 2.319 2.174 2.361 2.354 1.933 2.351 2.324 1.992 
Zn 0.006 0.000 0.002 0.000 0.001 0.004 0.006 0.002 
Y-site total 3.000 3.001 3.146 3.004 3.068 3.140 3.234 3.202
Ca 0.120 0.134 0.183 0.174 0.147 0.173 0.181 0.170 
Na 0.831 0.763 0.795 0.692 0.822 0.777 0.826 0.824 
K 0.006 0.006 0.008 0.006 0.006 0.006 0.004 0.008 
X-site 
vacancy 
0.044 0.097 0.014 0.127 0.025 0.044 0.000 0.000 
F 0.082 0.000 0.021 0.010 0.016 0.000 0.000 0.052 
Fe/(Fe+Mg) 0.149 0.234 0.214 0.186 0.350 0.217 0.245 0.357 
O2-* 0.245 0.110 0.163 0.155 0.079 0.118 0.076 0.000 
OH-* (v +w) 3.673 3.890 3.816 3.834 3.905 3.882 3.924 3.948 








1B 17 18 19 20 21 22 23 
SiO2 35.18 36.26 36.12 36.78 36.44 36.81 36.34 
Al2O3 30.9 33.14 34.72 34.72 34.73 34.33 34.17 
Cr2O3 0.04 0.07 0.08 0.08 0.09 0.03 0.1 
TiO2 0.64 0.39 0.22 0.22 0.22 0.24 0.23 
FeO 8.55 4.38 2.4 2.4 2.15 4.05 2.56 
MnO 0 0.01 0 0 0 0.02 0.03 
MgO 7.43 9.37 9.76 9.76 9.61 8.87 9.51 
ZnO 0.02 0.01 0 0 0.02 0 0.03 
CaO 0.74 0.63 0.5 0.5 0.42 0.46 0.54 
Na2O 2.62 2.73 2.9 2.9 2.31 2.63 2.42 
K2O 0.04 0.03 0.03 0.03 0.03 0.03 0.02 
F 0.05 0.04 0 0 0 0.12 0 
B2O3 ^ 10.49 10.81 10.87 10.95 10.86 10.90 10.80 
Total 96.91 97.87 97.60 98.34 96.88 98.49 96.75 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.830 5.829 5.775 5.839 5.831 5.868 5.847 
VIAl 0.170 0.171 0.226 0.161 0.169 0.132 0.153 
Al (Z) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Al (Y) 0.000 0.107 0.316 0.335 0.380 0.317 0.326 
Cr 0.005 0.009 0.010 0.010 0.011 0.004 0.013 
Ti 0.080 0.047 0.026 0.026 0.027 0.029 0.028 
Fe 1.211 0.589 0.321 0.319 0.288 0.540 0.345 
Mn 0.000 0.001 0.000 0.000 0.000 0.003 0.004 
Mg 1.836 2.245 2.326 2.310 2.292 2.108 2.281 
Zn 0.002 0.001 0.000 0.000 0.002 0.000 0.004 
Y-site total 3.108 3.000 3.000 3.000 3.000 3.000 3.000 
Ca 0.131 0.109 0.086 0.085 0.072 0.079 0.093 
Na 0.842 0.851 0.899 0.893 0.717 0.813 0.755 
K 0.009 0.006 0.006 0.006 0.006 0.006 0.004 
X-site 
vacancy 
0.018 0.034 0.009 0.016 0.205 0.103 0.148 
F 0.026 0.020 0.000 0.000 0.000 0.061 0.000 
Fe/(Fe+Mg) 0.392 0.208 0.121 0.121 0.112 0.204 0.131 
O2-* 0.375 0.112 0.230 0.306 0.140 0.222 0.183 
OH-* (v +w) 3.559 3.868 3.770 3.694 3.860 3.717 3.817 





Table B-4: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas West- 




Sample 1 2 3 4 5 6 7 8 
SiO2 35.94 35.35 35.43 35.75 35.96 35.54 35.83 35.59 
Al2O3 30.16 29.70 29.80 29.58 29.64 29.86 29.78 29.71 
Cr2O3 0.04 0.05 0.04 0.00 0.00 0.02 0.00 0.03 
TiO2 0.61 0.66 0.89 0.90 0.84 0.83 0.80 0.79 
FeO 8.55 7.70 7.63 7.20 7.48 7.47 7.54 7.31 
MnO 0.02 0.04 0.01 0.00 0.01 0.03 0.01 0.01 
MgO 8.14 8.32 8.45 8.33 8.40 8.34 8.39 8.46 
ZnO 0.02 0.00 0.01 0.00 0.01 0.00 0.00 0.01 
CaO 0.65 0.61 0.69 0.64 0.68 0.69 0.69 0.68 
Na2O 3.15 3.07 2.80 2.87 2.95 2.90 3.05 2.87 
K2O 0.03 0.02 0.02 0.03 0.03 0.04 0.03 0.01 
F 0.03 0.02 0.11 0.18 0.00 0.00 0.20 0.00 
B2O3 ^ 10.58 10.40 10.46 10.40 10.47 10.44 10.47 10.42 
Total 97.92 95.94 96.34 95.88 96.47 96.16 96.79 95.89 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.905 5.907 5.889 5.976 5.972 5.918 5.949 5.934 
VIAl 0.095 0.093 0.111 0.024 0.028 0.072 0.051 0.066 
Al (Z) 5.745 5.756 5.727 5.804 5.774 5.788 5.764 5.762 
Al(Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.005 0.007 0.005 0.000 0.000 0.003 0.000 0.004 
Ti 0.075 0.083 0.111 0.113 0.105 0.104 0.100 0.099 
Fe 1.175 1.076 1.061 1.007 1.039 1.040 1.047 1.019 
Mn 0.003 0.006 0.001 0.000 0.001 0.004 0.001 0.001 
Mg 1.994 2.073 2.094 2.076 2.080 2.070 2.077 2.103 
Zn 0.002 0.000 0.001 0.000 0.001 0.000 0.000 0.001 
Y-site total 3.254 3.245 3.273 3.196 3.226 3.221 3.225 3.227 
Ca 0.114 0.109 0.123 0.115 0.121 0.123 0.123 0.122 
Na 1.004 0.995 0.902 0.930 0.950 0.936 0.982 0.928 
K 0.006 0.004 0.004 0.006 0.006 0.009 0.006 0.002 
F 0.016 0.011 0.058 0.095 0.000 0.000 0.105 0.000 
Fe/(Mg+Fe) 0.371 0.342 0.336 0.327 0.333 0.334 0.335 0.326 
X-site 
Vacancy 
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
O2-* 0.039 0.055 0.000 0.172 0.153 0.096 0.125 0.049 
OH-* (v +w) 3.961 3.945 4.000 3.828 3.847 3.904 3.875 3.951 




Table B-4 continued: 
 
 
Sample 9 10 11 12 13 14 15 16 
SiO2 38.71 36.12 36.05 36.29 36.03 36.24 36.26 36.07 
Al2O3 29.95 30.38 30.64 30.71 30.49 30.43 30.26 30.27 
Cr2O3 0.07 0.03 0.03 0.02 0.03 0.08 0.03 0.06 
TiO2 0.75 0.74 0.76 0.80 0.81 0.81 0.89 0.90 
FeO 6.99 6.03 5.53 4.82 4.94 4.78 4.82 4.92 
MnO 0.00 0.02 0.01 0.02 0.00 0.03 0.00 0.00 
MgO 8.62 9.25 9.37 9.83 9.91 9.83 9.87 9.73 
ZnO 0.03 0.00 0.00 0.00 0.05 0.03 0.04 0.06 
CaO 0.75 0.74 0.75 0.75 0.74 0.71 0.76 0.75 
Na2O 2.84 2.84 2.57 2.94 2.75 3.00 2.65 2.88 
K2O 0.03 0.02 0.02 0.02 0.02 0.03 0.02 0.03 
F 0.02 0.07 0.02 0.07 0.00 0.00 0.09 0.00 
B2O3 ^ 10.82 10.59 10.59 10.64 10.61 10.60 10.59 10.56 
Total 99.58 96.83 96.34 96.91 96.38 96.57 96.28 96.23 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.220 5.931 5.919 5.930 5.904 5.943 5.951 5.937 
VIAl 0.000 0.069 0.081 0.070 0.096 0.057 0.049 0.063 
Al (Z) 5.672 5.810 5.848 5.844 5.792 5.842 5.805 5.809 
Al (Y)   0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.009 0.004 0.004 0.003 0.004 0.010 0.004 0.008 
Ti 0.091 0.091 0.094 0.098 0.100 0.100 0.110 0.111 
Fe 0.939 0.828 0.759 0.659 0.677 0.656 0.662 0.677 
Mn 0.000 0.003 0.001 0.003 0.000 0.004 0.000 0.000 
Mg 2.065 2.264 2.294 2.394 2.421 2.403 2.415 2.388 
Zn 0.004 0.000 0.000 0.000 0.006 0.004 0.005 0.007 
Y-site total 3.108 3.190 3.152 3.157 3.208 3.177 3.196 3.191 
Ca 0.129 0.130 0.132 0.131 0.130 0.125 0.134 0.132 
Na 0.885 0.904 0.818 0.931 0.874 0.954 0.843 0.919 
K 0.006 0.004 0.004 0.004 0.004 0.006 0.004 0.006 
F 0.010 0.036 0.010 0.036 0.000 0.000 0.047 0.000 
Fe/(Mg+Fe) 0.313 0.268 0.249 0.216 0.219 0.214 0.215 0.221 
X-site 
Vacancy 
0.000 0.000 0.046 0.000 0.000 0.000 0.019 0.000 
O2-* 0.448 0.095 0.045 0.172 0.032 0.239 0.092 0.158 
OH-* (v +w) 3.552 3.905 3.955 3.828 3.968 3.761 3.908 3.842 













Sample 17 18 19 20 21 22 23 24 
SiO2 36.27 36.36 36.35 36.18 35.98 36.12 36.07 35.87 
Al2O3 30.26 30.36 30.27 29.93 30.03 31.05 30.82 30.16 
Cr2O3 0.00 0.08 0.05 0.05 0.04 0.03 0.03 0.08 
TiO2 1.01 1.08 1.08 1.09 1.00 0.70 0.77 0.80 
FeO 4.68 4.31 4.46 5.21 5.81 5.56 5.90 6.69 
MnO 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.02 
MgO 10.07 10.23 10.15 9.88 9.58 8.93 8.98 8.63 
ZnO 0.09 0.01 0.02 0.02 0.00 0.00 0.02 0.03 
CaO 0.88 0.87 0.90 0.83 0.83 0.79 0.80 0.68 
Na2O 2.86 2.94 2.60 2.87 2.81 2.89 2.60 2.84 
K2O 0.03 0.02 0.03 0.02 0.02 0.02 0.04 0.01 
F 0.03 0.03 0.00 0.00 0.00 0.00 0.13 0.04 
B2O3 ^ 10.62 10.65 10.63 10.59 10.58 10.57 10.58 10.50 
Total 96.80 96.94 96.55 96.68 96.68 96.66 96.75 96.35 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.934 5.936 5.942 5.936 5.912 5.939 5.923 5.940 
VIAl 0.066 0.064 0.058 0.064 0.088 0.061 0.077 0.060 
Al(Z) 5.796 5.787 5.747 5.722 5.727 5.956 5.888 5.826 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.010 0.007 0.007 0.005 0.004 0.004 0.011 
Ti 0.124 0.133 0.133 0.135 0.124 0.087 0.095 0.100 
Fe 0.640 0.588 0.610 0.715 0.798 0.765 0.810 0.927 
Mn 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.003 
Mg 2.456 2.490 2.474 2.417 2.347 2.189 2.198 2.131 
Zn 0.011 0.001 0.002 0.002 0.000 0.000 0.002 0.004 
Y-site total 3.231 3.222 3.227 3.277 3.274 3.045 3.110 3.176 
Ca 0.154 0.152 0.158 0.146 0.146 0.139 0.141 0.121 
Na 0.907 0.931 0.824 0.913 0.895 0.921 0.828 0.912 
K 0.006 0.004 0.006 0.004 0.004 0.004 0.008 0.002 
F 0.016 0.016 0.000 0.000 0.000 0.000 0.068 0.021 
Fe/(Mg+Fe) 0.207 0.191 0.198 0.228 0.254 0.259 0.269 0.303 
X-site 
Vacancy 
0.000 0.000 0.012 0.000 0.000 0.000 0.023 0.000 
O2-* 0.242 0.255 0.054 0.140 0.085 0.278 0.117 0.133 
OH-* (v +w) 3.758 3.745 3.946 3.860 3.915 3.722 3.883 3.867 






Table B-4 continued: 
 
 
Sample 25 26 27 28 29 30 
SiO2 35.87 35.89 35.63 35.83 35.74 35.90 
Al2O3 30.86 30.73 30.85 31.01 31.11 32.75 
Cr2O3 0.04 0.00 0.08 0.06 0.09 0.02 
TiO2 0.58 0.53 0.61 0.55 0.53 0.24 
FeO 7.23 7.59 7.46 7.71 7.34 5.92 
MnO 0.00 0.00 0.00 0.01 0.00 0.00 
MgO 8.19 8.02 7.79 7.61 7.70 7.77 
ZnO 0.00 0.01 0.03 0.02 0.03 0.02 
CaO 0.59 0.53 0.52 0.49 0.51 0.27 










K2O 0.02 0.04 0.02 0.04 0.03 0.03 
F 0.02 0.00 0.00 0.10 0.12 0.09 
B2O3 ^ 10.54 10.52 10.47 10.50 10.49 10.57 
Total 96.97 96.84 96.32 96.99 96.66 96.22 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.915 5.928 5.913 5.929 5.923 5.902 
VIAl 0.085 0.072 0.087 0.071 0.077 0.098 
Al (Z) 5.913 5.910 5.947 5.976 5.999 6.000 
Al (Y) 0.000 0.000 0.000 0.000 0.247 
Cr 0.005 0.000 0.011 0.012 0.003 
Ti 0.072 0.066 0.076 0.068 0.066 0.030 
Fe2+ 0.997 1.048 1.035 1.067 1.017 0.814 
0.000 0.000 0.000 0.001 0.000 0.000 
Mg 2.013 1.975 1.927 1.877 1.902 1.904 
Zn 0.000 0.001 0.004 0.004 0.002 
Y-site total 3.087 3.090 3.053 3.023 3.001 3.000 
Ca 0.104 0.094 0.093 0.087 0.091 0.048 
Na 0.969 0.954 0.920 0.982 0.954 0.842 
K 0.004 0.004 0.008 0.006 0.006 
F 0.010 0.000 0.000 0.052 0.063 
Fe/(Mg+Fe) 0.331 0.347 0.349 0.362 0.348 0.229 
X-site 
Vacancy 
0.000 0.000 0.000 0.000 0.000 0.105 
O2-* 0.158 0.129 0.209 0.204 0.000 
OH-* (v +w) 3.842 3.881 3.871 3.791 3.796 4.000 




Table B-5: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas Oos 
Sample 4B 
 
4B 1 2 3 4 5 6 12 8 














35.73 35.02 36.34 34.99
Al2O3 29.98 29.60 30.42 31.14 30.28 32.83 30.96
Cr2O3 0.03 0.06 0.00 0.03 0.04 0.32 0.07 
TiO2 0.70 1.17 0.89 0.82 0.72 0.13 0.37 
FeO 8.62 7.80 7.32 6.46 8.22 4.51 7.46 
MnO 0.04 0.00 0.06 0.02 0.01 0.01 0.04 
MgO 7.74 8.42 8.42 8.67 7.88 8.42 7.78 
ZnO 0.00 0.00 0.02 0.03 0.00 0.03 0.04 
CaO 0.80 1.00 0.98 0.80 0.89 0.29 0.66 
Na2O 2.14 2.25 2.12 2.27 2.19 2.09 2.28 
K2O 0.04 0.03 0.04 0.03 0.03 0.02 0.03 
F 0.00 0.26 0.09 0.09 0.00 0.08 0.00 
B2O3 ^ 10.49 10.59 10.59 10.60 10.42 10.63 10.40
Total 96.43 97.72 97.07 96.69 95.70 95.70 95.08
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.941 5.995 5.929 5.930 5.861 5.843 5.942 5.850
VIAl 0.059 0.005 0.071 0.070 0.139 0.158 0.058 0.150
Al (Z) 5.855 5.724 5.885 5.977 6.000 5.954 6.000 6.000
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.269 0.000
Cr 0.004 0.008 0.000 0.009 0.004 0.005 0.041 0.009
Ti 0.087 0.144 0.110 0.060 0.101 0.090 0.016 0.047
Fe2+ 1.195 1.070 1.005 1.050 0.886 1.147 0.617 1.043
Mn 0.006 0.000 0.008 0.004 0.003 0.001 0.001 0.006
Mg 1.912 2.059 2.060 1.967 2.120 1.960 2.052 1.939
Zn 0.000 0.000 0.002 0.003 0.004 0.000 0.004 0.005
Y-site total 3.203 3.282 3.186 3.093 3.118 3.204 3.000 3.049
Ca 0.142 0.176 0.172 0.120 0.141 0.159 0.051 0.118
Na 0.688 0.716 0.675 0.726 0.722 0.708 0.663 0.739
K 0.009 0.006 0.008 0.006 0.006 0.006 0.004 0.006
X-site 
Vacancy 
0.162 0.102 0.145 0.148 0.131 0.126 0.282 0.136
F 0.000 0.135 0.047 0.042 0.047 0.000 0.041 0.000
Fe/(Fe+Mg) 0.385 0.342 0.328 0.348 0.295 0.369 0.231 0.350
O2-* 0.000 0.084 0.000 0.000 0.000 0.000 0.000 0.000
OH-* (v +w) 4.000 3.781 3.953 3.958 4.000 4.000 4.000 4.000
OH-* (W) 1.000 0.781 0.953 0.958 1.000 1.000 1.000 1.000
^ Calculated on the base of 3 boron atoms per formula unit. 








4B 9 10 11 12 13 14 15 
SiO2 35.82 34.87 35.63 35.55 35.77 35.59 35.68 
Al2O3 32.40 32.25 31.90 30.28 30.79 29.89 30.79 
Cr2O3 0.07 0.00 0.00 0.04 0.45 0.07 0.04 
TiO2 0.11 0.52 0.21 1.01 0.7 0.67 0.61 
FeO 6.36 6.15 7.38 7.15 6.51 8.14 7.37 
MnO 0.01 0.02 0.03 0.02 0 0 0 
MgO 7.76 8.19 7.77 8.52 8.52 8.06 8.31 
ZnO 0.01 0.00 0.01 0.00 0.06 0.01 0 
CaO 0.35 0.63 0.63 0.82 0.76 0.72 0.82 
Na2O 2.05 2.24 2.18 2.21 2.17 2.32 2.18 
K2O 0.03 0.01 0.04 0.03 0.03 0.04 0.03 
F 0.00 0.00 0.00 0.00 0.1 0.2 0 
B2O3 ^ 10.55 10.50 10.56 10.51 10.56 10.45 10.55 
Total 95.52 95.38 96.34 96.14 96.42 96.16 96.38 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.901 5.771 5.862 5.878 5.888 5.918 5.881 
VIAl 0.099 0.229 0.138 0.122 0.112 0.082 0.119 
Al (Z) 6.000 6.000 6.186 5.900 5.973 5.858 5.981 
Al (Y) 0.193 0.061 0.048 0.000    
Cr 0.009 0.000 0.000 0.005 0.059 0.009 0.005 
Ti 0.014 0.065 0.026 0.126 0.087 0.084 0.076 
Fe2+ 0.876 0.851 1.015 0.989 0.896 1.132 1.016 
Mn 0.001 0.003 0.004 0.003 0.000 0.000 0.000 
Mg 1.906 2.021 1.906 2.100 2.091 1.998 2.042 
Zn 0.001 0.000 0.001 0.000 0.007 0.001 0.000 
Y-site total 3.000 3.000 3.000 3.222 3.139 3.224 3.138 
Ca 0.062 0.112 0.111 0.145 0.134 0.128 0.145 
Na 0.655 0.719 0.695 0.708 0.693 0.748 0.697 
K 0.006 0.002 0.008 0.006 0.006 0.009 0.006 
X-site 
Vacancy 
0.277 0.168 0.185 0.140 0.167 0.115 0.152 
F 0.000 0.000 0.000 0.000 0.052 0.105 0.000 
Fe/(Fe+Mg) 0.315 0.296 0.348 0.320 0.300 0.362 0.332 
O2-* 0.000 0.000 0.000 0.049 0.000 0.000 0.000 
OH-* (v +w) 4.000      4.000 4.000 3.910 3.948 3.895 4.000 




Table B-6: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas Oos 
Sample 4C 
 
4C 1 2 3 4 5 6 7 8 
SiO2 35.74 35.44 35.13 36.35 35.71 35.78 35.44 36.17 
Al2O3 31.23 29.77 32.23 31.38 29.98 29.77 29.32 31.46 
Cr2O3 0.04 0.03 0.08 0.02 0.04 0.08 0.09 0.09 
TiO2 0.35 0.62 0.42 0.53 0.56 0.52 0.71 0.39 
FeO 7.24 7.10 7.64 6.85 7.55 8.03 8.56 7.11 
MnO 0.02 0.03 0.00 0.00 0.01 0.02 0.00 0.00 
MgO 7.70 7.99 7.56 8.23 7.75 7.93 7.58 7.78 
ZnO 0.05 0.00 0.04 0.00 0.04 0.06 0.05 0.00 
CaO 0.41 0.52 0.57 0.58 0.59 0.65 0.67 0.40 
Na2O 2.14 2.33 2.35 2.56 2.28 2.38 2.24 2.37 
K2O 0.04 0.03 0.07 0.09 0.03 0.06 0.04 0.03 
F 0.00 0.00 0.12 0.15 0.00 0.00 0.00 0.00 
B2O3 ^ 10.48 10.30 10.57 10.63 10.36 10.42 10.32 10.56 




97.37 94.90 95.70 95.02 96.36 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.928 5.980 5.779 5.943 5.992 5.969 5.967 5.952 
VIAl 0.072 0.020 0.221 0.057 0.008 0.031 0.033 0.048 
Al (Z) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Al (Y) 0.034 0.000 0.028 0.000 0.000 0.000 0.000 0.053 
Cr 0.005 0.004 0.010 0.003 0.005 0.011 0.012 0.012 
Ti 0.044 0.079 0.052 0.065 0.071 0.065 0.090 0.048 
Fe 1.004 1.002 1.051 0.937 1.059 1.120 1.205 0.978 
Mn 0.003 0.004 0.000 0.000 0.001 0.003 0.000 0.000 
Mg 1.904 2.010 1.854 2.006 1.939 1.972 1.902 1.909 
Zn 0.006 0.000 0.005 0.000 0.005 0.007 0.006 0.000 
Y-site total 3.000 3.099 3.000 3.010 3.080 3.178 3.216 3.000 
Ca 0.073 0.094 0.101 0.102 0.106 0.116 0.121 
Na 0.688 0.762 0.750 0.812 0.742 0.770 0.731 0.756 
K 0.009 0.007 0.015 0.019 0.006 0.013 0.009 0.006 
X-site 
Vacancy 
0.230 0.137 0.135 0.068 0.146 0.101 0.139 0.167 
F 0.000 0.000 0.062 0.078 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.345 0.333 0.362 0.318 0.353 0.362 0.388 0.339 
O2-* 0.000 0.000 0.000 0.100 0.014 0.000 0.000 0.017 
OH-* (v +w) 4.000 4.000 3.938 3.823 3.986 4.000 4.000 3.983 
1.000 1.000 0.938 0.823 0.986 1.000 1.000 0.983 
^ Calculated on the base of 3 boron atoms per formula unit. 









4C 9 10 11 12 13 14 15 
SiO2 36.24 35.33 35.03 35.33 35.68 36.07 35.61 
Al2O3 31.35 29.29 32.20 29.74 29.74 31.43 29.96 
Cr2O3 0.02 0.09 0.08 0.03 0.08 0.09 0.04 
TiO2 0.53 0.71 0.42 0.62 0.52 0.39 0.56 
FeO 6.85 8.55 7.63 7.09 8.02 7.10 7.55 
MnO 0.00 0.00 0.00 0.04 0.02 0.00 0.01 
MgO 8.24 7.60 7.58 8.01 7.95 7.79 7.76 
ZnO 0.00 0.05 0.04 0.00 0.06 0.00 0.35 
CaO 0.58 0.67 0.57 0.52 0.65 0.40 0.59 
Na2O 2.62 2.29 2.39 2.38 2.42 2.42 2.33 
K2O 0.09 0.04 0.07 0.03 0.06 0.03 0.03 
F 0.15 0.00 0.12 0.00 0.00 0.00 0.00 
B2O3 ^ 10.30 10.57 10.63 10.36 10.42 10.32 10.56 
Total 96.96 95.17 96.78 94.14 95.62 96.04 95.02 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.934 5.956 5.770 5.971 5.960 5.944 5.982 
VIAl 0.066 0.044 0.230 0.029 0.040 0.056 0.018 
Al (Z) 5.983 5.776 6.000 5.894 5.814 6.000 5.914 
Al (Y) 0.000 0.000 0.021 0.000 0.000 0.048 0.000 
Cr 0.003 0.012 0.011 0.004 0.011 0.012 0.005 
Ti 0.065 0.090 0.052 0.079 0.065 0.048 0.071 
Fe2+ 0.938 1.206 1.051 1.002 1.120 0.978 1.061 
Mn 0.000 0.000 0.000 0.006 0.003 0.000 0.001 
Mg 2.011 1.910 1.861 2.016 1.980 1.914 1.943 
Zn 0.000 0.006 0.005 0.000 0.007 0.000 0.005 
Y-site total        
Ca 0.102 0.121 0.101 0.094 0.116 0.071 0.106 
Na 0.832 0.749 0.763 0.780 0.784 0.77 0.759 
K 0.019 0.009 0.015 0.007 0.013 0.006 0.006 
X-site 
Vacancy 
0.048 0.122 0.122 0.120 0.087 0.150 0.129 
F 0.078 0.000 0.063 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.318 0.387 0.361 0.332 0.361 0.338 0.353 
O2-* 0.000 0.000 0.100 0.014 0.000 0.000 0.017 
OH-* (v +w) 4.000 3.938 3.823 3.986 4.000 4.000 3.983 





Table B-7: Electron Microprobe Analyses of Tourmaline from Farm Gurumanas Oos 
Sample 4D 
 
4D 1 2 3 4 5 6 7 8 9 
SiO2 36.30 36.13 36.31 35.97 36.82 36.83 36.45 36.36 36.17 
Al2O3 31.30 31.11 31.20 31.36 32.97 32.97 32.70 31.17 30.73 
Cr2O3 0.00 0.03 0.07 0.15 0.19 0.16 0.15 0.00 0.04 
TiO2 0.47 0.52 0.49 0.44 0.14 0.11 0.34 0.69 1.01 
FeO 6.48 6.30 6.92 6.74 5.18 
10.75 
4.98 5.40 6.46 7.01 
MnO 0.01 0.01 0.03 0.01 0.01 0.03 0.02 0.00 0.00 
MgO 8.64 8.50 8.39 8.10 8.35 8.39 8.39 8.45 8.21 
ZnO 0.05 0.00 0.00 0.07 0.02 0.00 0.02 0.01 0.04 
CaO 0.70 0.71 0.70 0.64 0.27 0.28 0.36 0.57 0.70 
Na2O 2.34 2.26 2.36 2.29 2.09 2.20 2.17 2.22 2.34 
K2O 0.03 0.04 0.04 0.03 0.03 0.02 0.02 0.04 0.04 
F 0.00 0.00 0.03 0.05 0.00 0.00 0.00 0.04 0.03 
B2O3 ^ 10.65 10.56 10.64 10.56 10.73 10.71 10.62 10.58 
Total 96.97 96.17 97.18 96.41 96.82 96.70 96.73 96.63 96.90 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.926 5.945 5.931 5.919 5.956 5.966 5.916 5.953 5.942 
VIAl 0.074 0.055 0.069 0.081 0.044 0.034 0.084 0.047 0.058 
Al (Z) 6.022 6.033 6.007 6.082 6.285 6.295 6.255 6.014 5.950 
Al (Y) 0.000 0.000 0.000 0.002 0.241 0.261 0.171 0.000 0.000 
Cr 0.000 0.004 0.009 0.020 0.024 0.021 0.019 0.000 0.005 
Ti 0.058 0.064 0.060 0.055 0.017 0.013 0.042 0.085 0.125 
Fe2+ 0.885 0.867 0.945 0.928 0.701 0.675 0.733 0.885 0.963 
Mn 0.001 0.001 0.004 0.001 0.001 0.004 0.003 0.000 0.000 
Mg 2.103 2.085 2.043 1.987 2.013 2.026 2.030 2.062 2.011 
Zn 0.006 0.000 0.000 0.009 0.002 0.000 0.002 0.001 0.005 
Y-site total 3.052 3.022 3.062 3.000 3.000 3.000 3.000 3.033 3.109 
Ca 0.122 0.125 0.123 0.113 0.047 0.049 0.063 0.100 0.123 
Na 0.741 0.721 0.748 0.731 0.655 0.691 0.683 0.705 0.745 
K 0.006 0.008 0.008 0.006 0.006 0.004 0.004 0.008 0.008 
X-site 
Vacancy 
0.131 0.145 0.122 0.150 0.292 0.256 0.250 0.187 0.123 
F 0.000 0.000 0.016 0.026 0.000 0.000 0.000 0.021 0.016 
Fe/(Fe+Mg) 0.296 0.294 0.316 0.318 0.258 0.250 0.265 0.300 0.324 
O2-* 0.000 0.035 0.000 0.004 0.008 0.067 0.000 0.001 0.084 
OH-* (v +w) 4.000 3.965 3.985 3.970 3.993 3.993 4.000 3.978 3.901 
OH-* (W) 1.000 0.965 0.985 0.970 0.993 0.993 1.000 0.978 0.901 
 
^ Calculated on the base of 3 boron atoms per formula unit. 








4E 1 2 3 4 5 6 7 8 
SiO2 35.61 36.15 35.84 36.17 36.09 35.98 36.18 36.49 
Al2O3 31.93 32.28 32.03 32.32 32.15 31.48 31.95 31.81 
Cr2O3 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
TiO2 0.53 0.55 0.56 0.46 0.56 0.56 0.61 0.54 
FeO 7.30 7.24 7.68 7.15 7.25 7.78 7.14 7.41 
MnO 0.02 0.02 0.05 0.03 0.04 0.03 0.04 0.03 
MgO 8.30 8.02 8.19 8.22 8.15 8.18 8.25 8.29 
ZnO 0.02 0.00 0.03 0.02 0.00 0.05 0.07 0.04 
CaO 0.99 0.85 1.10 0.82 0.88 0.94 0.90 0.97 
Na2O 2.17 2.19 2.15 2.26 2.22 2.19 2.14 2.14 
K2O 0.03 0.05 0.05 0.04 0.03 0.05 0.04 0.01 
F 0.00 0.15 0.00 0.05 0.00 0.00 0.02 0.02 
B2O3 ^ 10.68 10.73 10.74 10.76 10.74 10.69 10.74 10.78 
Total 97.60 98.23 98.42 98.30 98.11 97.93 98.08 98.53 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.796 5.854 5.799 5.841 5.843 5.849 5.858 5.886 
VIAl 0.205 0.146 0.201 0.159 0.157 0.151 0.142 0.114 
Al (Z) 6.000 6.000 6.000 6.000 6.000 6.000 6.000 6.000 
Al (Y) 0.000 0.014 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ti 0.065 0.067 0.068 0.056 0.068 0.069 0.074 0.066 
Fe2+ 0.994 0.980 1.039 0.966 0.982 1.058 0.967 1.000 
Mn 0.003 0.003 0.007 0.004 0.006 0.004 0.006 0.004 
Mg 2.014 1.936 1.976 1.979 1.967 1.983 1.991 1.993 
Zn 0.002 0.000 0.004 0.002 0.000 0.006 0.008 0.005 
Y-site total 3.080 3.000 3.093 3.007 3.022 3.119 3.046 3.067 
Ca 0.173 0.148 0.191 0.142 0.153 0.164 0.156 0.168 
Na 0.685 0.688 0.675 0.708 0.697 0.690 0.672 0.669 
K 0.006 0.010 0.010 0.008 0.006 0.010 0.008 0.002 
X-site 
Vacancy 
0.137 0.155 0.125 0.142 0.144 0.136 0.164 0.161 
F 0.000 0.077 0.000 0.026 0.000 0.000 0.010 0.010 
Fe/(Fe+Mg) 0.330 0.336 0.345 0.328 0.333 0.348 0.327 0.334 
O2-* 0.075 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
OH-* (v +w) 3.925 3.923 4.000 3.975 4.000 4.000 3.990 3.990 
OH-* (W) 0.925 0.923 1.000 0.975 1.000 1.000 0.990 0.990 
^ Calculated on the base of 3 boron atoms per formula unit. 







4E 9 10 11 12 
SiO2 36.16 35.70 35.91 36.56 
Al2O3 33.15 32.60 31.55 33.12 
Cr2O3 0.00 0.00 0.01 0.00 
TiO2 0.24 0.36 0.51 0.24 
FeO 6.07 6.62 7.28 6.02 
MnO 0.02 0.03 0.04 0.00 
MgO 8.09 8.04 8.31 8.12 
ZnO 0.02 0.04 0.03 0.05 
CaO 0.48 0.66 1.03 0.48 
Na2O 2.03 2.07 1.99 2.08 
K2O 0.02 0.03 0.03 0.02 
F 0.00 0.00 0.00 0.00 
B2O3 ^ 10.73 10.66 10.66 10.77 
Total 97.01 96.81 97.35 97.46 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 
Si 5.859 5.823 5.854 5.900 
VIAl 0.141 0.177 0.146 0.100 
Al (Z) 6.000 6.000 6.000 6.000 
0.185 
0.296 0.316 0.330 0.294 
1.000 
Al (Y) 0.189 0.089 0.000 0.199 
Cr 0.000 0.000 0.001 0.000 
Ti 0.029 0.044 0.063 0.029 
Fe2+ 0.823 0.903 0.992 0.812 
Mn 0.003 0.004 0.006 0.000 
Mg 1.954 1.955 2.019 1.953 
Zn 0.002 0.005 0.004 0.006 
Y-site total 3.000 3.000 3.085 3.000 
Ca 0.083 0.115 0.180 0.083 
Na 0.638 0.655 0.629 0.651 
K 0.004 0.006 0.006 0.004 
X-site Vacancy 0.275 0.224 0.262 
F 0.000 0.000 0.000 0.000 
Fe/(Fe+Mg) 
O2-* 0.000 0.000 0.000 0.000 
OH-* (v +w) 4.000 4.000 4.000 4.000 





Table B-9: Electron Microprobe Analyses of Tourmaline from Stolzenfeld Farm 
 Sample 6D 
 




















35.09 35.16 35.35 35.07 35.25 35.34 35.72
Al2O3 24.41 23.53 23.61 23.55 23.75 23.88 24.92 25.79
Cr2O3 0.13 0.10 0.07 0.03 0.09 0.09 0.03 0.05 
TiO2 1.27 1.08 0.95 1.16 1.04 1.24 1.18 
FeO 15.95 16.81 17.22 16.90 16.95 15.85 14.82
MnO 0.00 0.03 0.00 0.00 0.01 0.00 0.00 0.00 
MgO 7.04 6.59 6.65 6.56 6.63 6.80 6.88 
ZnO 0.01 0.01 0.00 0.03 0.00 0.00 0.00 0.03 
CaO 0.06 0.01 0.02 0.02 0.01 0.03 0.04 
Na2O 2.86 2.77 2.84 2.75 3.03 2.79 2.78 2.99 
K2O 0.11 0.13 0.11 0.11 0.12 0.12 0.11 
F 0.04 0.00 0.00 0.24 0.14 0.00 0.05 
B2O3 * 10.30 10.17 10.22 10.19 10.23 10.32 10.40
Total 97.35 96.51 96.88 97.13 97.13 97.43 98.06
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.997 5.967 6.013 5.983 5.988 5.952 5.972
VIAl 0.003 0.033 0.000 0.017 0.012 0.048 0.028
Al (Z) 4.739 4.722 4.721 4.775 4.781 4.947 5.082
Al(Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.014 0.009 0.004 0.012 0.012 0.004 0.007
Ti 0.163 0.138 0.122 0.149 0.133 0.157 0.148
Fe 2.403 2.467 2.450 2.411 2.408 2.233 2.072
Mn 0.004 0.000 0.000 0.001 0.000 0.000 0.000
Mg 1.679 1.698 1.686 1.668 1.679 1.707 1.715
Zn 0.001 0.001 0.000 0.004 0.000 0.000 0.000 0.004
Y-site total 4.178 4.264 4.312 4.266 4.241 4.232 4.101 3.946
Ca 0.011 0.002 0.007 0.004 0.004 0.002 0.005 0.007
Na 0.936 0.918 0.934 0.907 1.002 0.919 0.908 0.969
K 0.024 0.028 0.028 0.024 0.024 0.026 0.026 0.024
X-site 
Vacancy 
0.030 0.052 0.030 0.065 0.000 0.053 0.061 0.000
F 0.021 0.000 0.000 0.000 0.130 0.075 0.000 0.026
Fe/(Fe+Mg) 0.560 0.589 0.592 0.592 0.591 0.589 0.567 0.547
O2-* 1.311 1.424 1.384 1.379 1.495 1.390 1.347 1.406
OH-* (v +w) 2.668 2.576 2.616 2.621 2.375 2.535 2.653 2.568
OH-* (W) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
 
^ Calculated on the base of 3 boron atoms per formula unit. 








6D 9 10 11 12 13 14 15 16 
SiO2 35.33 35.45 35.69 36.02 35.64 35.38 35.55 36.01 
Al2O3 25.21 25.12 26.88 28.98 28.53 28.11 28.33 29.03 
Cr2O3 0.05 0.11 0.08 0.07 0.06 0.02 0.03 0.07 
TiO2 0.94 0.95 0.74 0.70 0.77 0.61 0.83 0.47 
FeO 16.08 16.27 13.27 10.62 13.14 17.49 14.08 11.20 
MnO 0.01 0.01 0.01 0.04 0.18 0.39 0.16 0.01 
MgO 6.51 6.53 6.91 7.32 5.58 3.44 4.91 6.83 
ZnO 0.04 0.00 0.05 0.06 0.01 0.04 0.00 0.07 
CaO 0.03 0.03 0.09 0.24 0.48 0.61 0.29 0.10 
Na2O 2.68 2.67 2.65 2.64 2.41 2.31 2.39 2.68 
K2O 0.10 0.09 0.06 0.04 0.03 0.04 0.05 0.03 
F 0.19 0.04 0.00 0.13 0.13 0.00 0.06 0.00 
B2O3 * 10.31 10.34 10.36 10.50 10.35 10.32 10.29 10.46 
Total 97.48 97.61 96.79 97.36 97.31 98.76 96.97 96.96 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.956 5.961 5.986 5.962 5.983 5.956 6.004 5.986 
VIAl 0.044 0.039 0.014 0.038 0.017 0.044 0.000 0.014 
Al (Z) 5.009 4.978 5.313 5.653 5.644 5.577 5.639 5.687 
Al(Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.007 0.015 0.011 0.009 0.008 0.003 0.004 0.009 
Ti 0.119 0.120 0.093 0.087 0.097 0.077 0.105 0.059 
Fe 2.267 2.288 1.861 1.470 1.845 2.462 1.989 1.557 
Mn 0.001 0.001 0.001 0.006 0.026 0.056 0.023 0.001 
Mg 1.636 1.637 1.728 1.806 1.396 0.863 1.236 1.692 
Zn 0.005 0.000 0.006 0.007 0.001 0.005 0.000 0.009 
Y-site total 4.035 4.061 3.700 3.385 3.373 3.466 3.357 3.327 
Ca 0.005 0.005 0.016 0.043 0.086 0.110 0.053 0.018 
Na 0.876 0.871 0.862 0.847 0.784 0.754 0.783 0.864 
K 0.022 0.019 0.013 0.008 0.006 0.009 0.011 0.006 
F 0.101 0.021 0.000 0.068 0.069 0.000 0.032 0.000 
X-site 
Vacancy 
0.097 0.105 0.109 0.102 0.123 0.127 0.154 0.112 
Fe/(Fe+Mg) 0.581 0.583 0.519 0.449 0.569 0.740 0.617 0.479 
O2-* 1.336 1.343 1.245 1.163 1.619 2.087 1.749 1.239 
OH-* (v +w) 2.563 2.635 2.756 2.769 2.312 1.913 2.219 2.761 










6D 17 18 19 20 21 22 
SiO2 37.35 35.35 35.66 35.48 35.06 35.34 
Al2O3 27.81 25.79 26.33 25.88 25.21 24.88 
Cr2O3 0.04 0.08 0.05 0.01 0.00 0.10 
TiO2 0.91 1.23 1.09 0.90 0.71 0.94 
FeO 12.05 14.72 13.59 14.59 15.48 15.70 
MnO 0.00 0.00 0.01 0.00 0.02 0.00 
MgO 6.78 6.65 6.97 6.90 6.82 6.90 
ZnO 0.06 0.00 0.00 0.00 0.02 0.01 
CaO 0.19 0.08 0.12 0.02 0.02 0.01 
Na2O 2.54 2.81 2.87 2.80 2.82 2.91 
K2O 0.05 0.09 0.10 0.10 0.09 0.10 
F 0.03 0.00 0.11 0.00 0.00 0.00 
B2O3 * 10.55 10.31 10.35 10.33 10.25 10.30 
Total 98.36 97.11 97.25 97.01 96.50 97.19 
B 3.000 3.000 3.000 3.000 3.000 3.000 
Si 6.152 5.961 5.989 5.970 5.946 5.965 
VIAl 0.000 0.039 0.011 0.031 0.054 0.035 
Al (Z) 5.398 5.125 5.212 5.132 5.039 4.949 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.005 0.011 0.007 0.001 0.000 0.013 
Ti 0.113 0.156 0.138 0.114 0.091 0.119 
Fe 1.660 2.076 2.053 2.196 2.216 2.091 
Mn 0.000 0.000 0.001 0.000 0.003 0.000 
Mg 1.665 1.672 1.745 1.731 1.724 1.736 
Zn 0.007 
0.024 
0.000 0.000 0.000 0.003 0.001 
Y-site total 3.450 3.915 3.944 4.042 4.037 3.960 
Ca 0.034 0.015 0.022 0.004 0.004 0.002 
Na 0.811 0.919 0.935 0.913 0.927 0.952 
K 0.011 0.019 0.021 0.022 0.020 0.022 
X-site 
Vacancy 
0.145 0.047 0.023 0.062 0.050 
F 0.016 0.000 0.058 0.000 0.000 0.000 
Fe/(Fe+Mg) 0.499 0.554 0.541 0.559 0.562 0.546 
O2-* 1.474 1.412 1.572 1.443 1.051 1.313 
OH-* (v +w) 2.511 2.588 2.370 2.557 2.949 2.687 




Table B-10: Electron Microprobe Analyses of Tourmaline from Stolzenfeld Farm 
 Sample 6E 
 
6E 1 2 3 4 5 6 7 8 
SiO2 35.33 34.72 35.46 34.85 34.84 34.46 35.04 34.90
Al2O3 23.44 23.55 23.80 22.90 21.89 22.67 24.39 24.42
Cr2O3 0.05 0.06 0.13 0.09 0.09 0.08 0.02 0.03 
TiO2 1.52 1.45 1.57 1.61 1.79 
0.08 
0.574 
1.67 0.87 1.13 
FeO 17.42 17.07 16.80 17.28 19.34 18.00 16.84 15.70
MnO 0.01 0.00 0.00 0.00 0.00 0.00 0.02 0.03 
MgO 6.93 6.83 6.67 6.55 6.64 6.61 6.48 6.68 
ZnO 0.00 0.00 0.00 0.00 0.00 0.03 0.03 0.06 
CaO 0.04 0.03 0.02 0.03 0.04 0.04 0.03 0.03 
Na2O 2.64 2.54 2.57 2.74 2.73 2.62 2.69 2.66 
K2O 0.12 0.09 0.12 0.11 0.11 0.12 0.10 
F 0.00 0.00 0.00 0.10 0.09 0.14 0.00 0.18 
B2O3 * 10.24 10.13 10.22 10.05 10.12 10.05 10.15 10.10
Total 97.74 96.47 97.37 96.32 97.68 96.49 96.64 96.02
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000
Si 5.997 5.960 6.029 6.025 5.982 5.960 5.998 6.005
VIAl 0.003 0.040 0.000 0.000 0.018 0.040 0.002 0.000
Al (Z) 4.685 4.724 4.799 4.692 4.412 4.582 4.919 4.957
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr 0.007 0.008 0.018 0.012 0.012 0.011 0.003 0.004
Ti 0.194 0.187 0.201 0.209 0.231 0.217 0.112 0.146
Fe 2.359 2.333 2.292 2.399 2.645 2.482 2.306 2.167
Mn 0.001 0.000 0.000 0.000 0.000 0.000 0.003 0.004
Mg 1.754 1.748 1.691 1.688 1.700 1.704 1.654 1.714
Zn 0.000 0.000 0.000 0.000 0.000 0.004 0.004 0.008
Y-site total 5.135 5.146 4.873 4.997 5.541 5.294 4.905 4.718
Ca 0.007 0.006 0.004 0.006 0.007 0.007 0.006 0.006
Na 0.869 0.845 0.847 0.919 0.909 0.879 0.893 0.887
K 0.026 0.020 0.026 0.024 0.024 0.027 0.018 0.022
X-site 
Vacancy 
0.098 0.130 0.123 0.052 0.060 0.088 0.084 0.085
F 0.000 0.000 0.000 0.055 0.049 0.077 0.000 0.098
Fe/(Fe+Mg) 0.572 0.575 0.587 0.609 0.593 0.582 0.558
O2-* 1.345 1.275 1.420 1.500 1.461 1.385 1.367 1.339
OH-* (v +w) 2.655 2.725 2.580 2.445 2.490 2.538 2.633 2.564
OH-* (W) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
 
^ Calculated on the base of 3 boron atoms per formula unit. 




Table B-10 continued: 
 
6E 9 10 11 12 13 14 15 16 
SiO2 35.25 35.02 35.84 35.75 35.73 35.22 35.71 35.51 
Al2O3 24.97 26.37 27.06 26.76 26.17 26.98 27.60 27.52 
Cr2O3 0.09 0.05 0.06 0.08 0.02 0.05 0.04 0.03 
TiO2 1.13 0.70 0.51 0.60 1.05 0.65 0.49 0.50 
FeO 15.69 13.41 12.76 12.99 13.03 12.90 12.64 13.02 
MnO 0.00 0.01 0.00 0.00 0.01 0.00 0.00 0.01 
MgO 6.93 7.23 7.49 7.49 7.60 7.60 7.57 7.62 
ZnO 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.01 
CaO 0.03 0.05 0.04 0.04 0.20 0.06 0.03 0.00 
Na2O 2.80 2.71 2.73 2.48 2.54 2.70 2.80 2.41 
K2O 0.09 0.06 0.06 0.06 0.08 0.07 0.05 0.05 
F 0.13 0.00 0.02 0.23 0.00 0.22 0.19 0.01 
B2O3 * 10.26 10.23 10.38 10.35 10.34 10.33 10.44 10.43 
Total 97.42 95.89 96.95 96.84 96.76 96.78 97.55 97.12 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 
1.874 
3.000 3.000 
Si 5.972 5.953 6.001 6.001 6.008 5.924 5.947 5.916 
VIAl 0.029 0.047 0.000 0.000 0.000 0.077 0.053 0.084 
Al (Z) 4.957 5.236 5.340 5.295 5.195 5.271 5.365 5.319 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.012 0.007 0.008 0.011 0.003 0.007 0.005 0.004 
Ti 0.144 0.090 0.064 0.076 0.133 0.082 0.061 0.063 
Fe 2.167 2.131 1.828 1.718 1.745 1.764 1.734 1.690 
Mn 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 
Mg 1.750 1.832 1.870 1.905 1.906 1.879 1.892 
Zn 0.006 0.007 0.000 0.000 0.000 0.000 0.000 0.001 
Y-site total 4.079 4.068 3.770 3.679 3.787 3.759 3.679 3.651 
Ca 0.005 0.009 0.007 0.007 0.036 0.011 0.005 0.000 
Na 0.920 0.893 0.886 0.807 0.828 0.880 0.904 0.778 
K 0.020 0.013 0.013 0.013 0.017 0.015 0.011 0.011 
X-site 
Vacancy 
0.055 0.085 0.094 0.173 0.119 0.094 0.080 0.211 
F 0.070 0.000 0.011 0.122 0.000 0.117 0.100 0.005 
Fe/(Fe+Mg) 0.553 0.538 0.494 0.478 0.478 0.481 0.480 0.472 
O2-* 1.303 1.120 1.109 1.036 1.152 1.017 1.055 0.871 
OH-* (v +w) 2.627 2.880 2.880 2.842 2.848 2.866 2.845 3.124 
OH-* (W) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.124 
 
^ Calculated on the base of 3 boron atoms per formula unit. 
*Calculated data.  
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Table B-10 continued: 
 
 
6E 17 18 19 20 21 22 23 
SiO2 36.00 35.39 35.64 34.63 34.83 34.72 34.70 
Al2O3 27.10 26.10 24.58 22.92 22.08 22.98 23.08 
Cr2O3 0.08 0.08 0.09 0.15 0.29 0.34 0.20 
TiO2 0.63 1.03 1.19 1.53 1.63 1.60 1.59 
FeO 12.91 15.15 16.53 18.22 18.51 17.61 17.63 
MnO 0.02 0.00 0.01 0.00 0.02 0.00 0.00 
MgO 7.50 6.93 6.65 6.57 6.30 6.54 6.35 
ZnO 0.06 0.00 0.00 0.02 0.02 0.03 0.00 
CaO 0.01 0.03 0.04 0.04 0.04 0.03 0.04 
Na2O 2.82 2.57 2.68 2.61 2.72 2.57 2.58 
K2O 0.06 0.09 0.10 0.08 0.13 0.13 0.11 
F 0.10 0.00 0.06 0.00 0.18 0.00 0.13 
B2O3 * 10.44 10.36 10.29 10.11 10.03 10.09 10.06 
Total 97.73 97.74 97.85 96.88 96.78 96.64 96.47 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.993 5.935 6.022 5.955 6.035 5.978 5.994 
VIAl 0.008 0.065 0.000 0.045 0.000 0.022 0.006 
Al (Z) 5.309 5.094 4.918 4.600 4.544 4.642 4.693 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.011 0.011 0.012 0.020 0.040 0.046 0.027 
Ti 0.079 0.130 0.151 0.198 0.212 0.207 0.207 
Fe 1.730 2.032 2.243 2.495 2.571 2.422 2.438 
Mn 0.003 0.000 0.001 0.000 0.003 0.000 0.000 
Mg 1.861 1.733 1.675 1.684 1.627 1.679 1.635 
Zn 0.007 0.000 0.000 0.003 0.003 0.004 0.000 
Y-site total 3.169 3.906 4.082 4.400 4.456 4.358 4.307 
Ca 0.002 0.005 0.007 0.007 0.007 0.006 0.007 
Na 0.910 0.836 0.878 0.870 0.914 0.858 0.864 
K 0.013 0.019 0.022 0.018 0.029 0.029 0.024 
X-site 
Vacancy 
0.075 0.140 0.093 0.105 0.050 0.108 0.104 
F 0.053 0.000 0.032 0.000 0.099 0.000 0.071 
Fe/(Fe+Mg) 0.482 0.540 0.572 0.597 0.812 0.591 0.599 
O2-* 1.119 1.198 1.411 1.366 1.569 1.397 1.468 
OH-* (v +w) 2.828 2.802 2.557 2.634 2.332 2.603 2.461 






Table B-11: Electron Microprobe Analyses of Tourmaline from Stolzenfeld Farm 
 Sample 6F 
 
 
6F 1 2 3 4 5 6 7 8 
SiO2 35.42 35.43 35.28 35.65 35.12 35.52 34.89 35.34 
Al2O3 25.22 24.21 24.66 25.28 25.20 25.02 24.94 25.33 
Cr2O3 0.01 0.01 0.02 0.00 0.00 0.00 0.00 0.00 
TiO2 0.25 0.37 0.33 0.23 0.22 0.21 0.25 0.22 
FeO 15.33 15.25 15.16 15.19 14.84 14.63 14.92 14.60 
MnO 0.00 0.01 0.02 0.03 0.01 0.00 0.00 0.00 
MgO 8.01 7.89 7.92 8.10 7.95 7.92 7.89 8.01 
ZnO 0.01 0.04 0.00 0.00 0.02 0.00 0.00 0.04 
CaO 0.01 0.02 0.04 0.01 0.01 0.01 0.02 0.02 
Na2O 2.70 2.78 2.85 2.67 2.93 2.64 2.93 2.61 
K2O 0.06 0.11 0.07 0.06 0.06 0.07 0.07 0.05 
F 0.04 0.00 0.14 0.12 0.03 0.09 0.00 0.00 
B2O3 * 10.35 10.21 10.25 10.39 10.26 10.26 10.20 10.29 
Total 97.41 96.33 96.74 97.73 96.65 96.37 96.11 96.51 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.947 6.031 5.985 5.964 
0.917 
0.000 
5.947 6.018 5.945 5.968 
VIAl 0.053 0.000 0.015 0.036 0.053 0.000 0.055 0.032 
Al (Z) 4.938 4.857 4.915 4.949 4.976 4.996 4.954 5.010 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.001 0.001 0.003 0.000 0.000 0.000 0.000 0.000 
Ti 0.032 0.047 0.042 0.029 0.028 0.027 0.032 0.028 
Fe 2.023 2.056 2.034 1.998 1.985 1.958 2.009 1.941 
Mn 0.000 0.001 0.003 0.004 0.001 0.000 0.000 0.000 
Mg 2.005 2.002 2.003 2.020 2.007 2.001 2.004 2.017 
Zn 0.001 0.005 0.000 0.000 0.003 0.000 0.000 0.005 
Y-site total 4.062 4.112 4.085 4.051 4.024 3.986 4.045 3.991 
Ca 0.002 0.004 0.007 0.002 0.002 0.002 0.004 0.004 
Na 0.879 0.937 0.866 0.962 0.867 0.968 0.855 
K 0.013 0.024 0.015 0.013 0.013 0.015 0.015 0.011 
X-site 
Vacancy 
0.106 0.055 0.040 0.119 0.023 0.116 0.013 0.131 
F 0.021 0.000 0.075 0.064 0.016 0.048 0.000 0.000 
Fe/(Fe+Mg) 0.502 0.507 0.504 0.497 0.497 0.495 0.501 0.490 
O2-* 0.867 1.013 0.988 0.851 0.940 0.931 0.963 0.842 
OH-* (v +w) 3.112 2.987 2.937 3.085 3.044 3.021 3.037 3.158 
OH-* (W) 0.112 0.000 0.085 0.044 0.021 0.037 0.158 
 
^ Calculated on the base of 3 boron atoms per formula unit. 
*Calculated data.  
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Table B-11 continued: 
 
6F 9 10 11 12 13 14 15 16 
















Al2O3 24.51 23.81 23.83 24.25 24.77 25.39 26.06 26.61 
Cr2O3 0.00 0.00 0.01 0.05 0.00 0.00 0.01 
TiO2 0.31 0.37 0.37 0.38 0.39 0.38 0.36 0.30 
FeO 15.74 17.23 16.70 15.97 15.77 14.63 13.84 13.46 
MnO 0.03 0.01 0.01 0.01 0.00 0.02 0.01 
MgO 7.96 8.07 7.83 8.14 8.18 8.18 8.17 7.96 
ZnO 0.00 0.00 0.03 0.00 0.02 0.05 0.01 0.00 
CaO 0.00 0.02 0.01 0.02 0.00 0.00 0.01 0.01 
Na2O 2.89 2.81 2.90 2.80 2.83 2.79 2.80 2.89 
K2O 0.09 0.09 0.08 0.07 0.07 0.07 0.07 0.07 
F 0.00 0.00 0.00 0.01 0.10 0.18 0.00 0.06 
B2O3 * 10.23 10.33 10.20 10.29 10.35 10.38 10.39 10.46 
Total 96.64 98.01 96.74 97.20 97.76 97.68 97.28 97.90 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.927 5.935 5.930 5.947 5.923 5.962 5.992 
VIAl 0.073 0.065 0.071 0.053 0.077 0.039 0.008 
Al (Z) 4.835 4.656 4.718 4.775 4.823 4.971 5.204 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.000 0.000 0.001 0.007 0.000 0.000 0.001 
Ti 0.040 0.047 0.047 0.048 0.049 0.048 0.038 
Fe2+ 2.104 2.271 2.238 2.119 2.078 1.930 1.785 
Mn 0.004 0.001 0.001 0.001 0.000 0.003 0.001 
Mg 2.016 2.024 1.990 2.050 2.047 2.042 1.972 
Zn 0.000 0.000 0.004 0.000 0.003 0.006 0.000 
Y-site total 4.164 4.343 4.281 4.225 4.177 4.029 3.797 
Ca 0.000 0.004 0.002 0.004 0.000 0.000 0.002 0.002 
Na 0.952 0.917 0.959 0.917 0.921 0.906 0.908 0.931 
K 0.020 0.019 0.017 0.015 0.015 0.015 0.015 0.015 
X-site 
Vacancy 
0.028 0.060 0.022 0.064 0.064 0.080 0.075 0.052 
F 0.000 0.000 0.000 0.005 0.053 0.095 0.000 0.032 
Fe/(Fe+Mg) 0.511 0.529 0.529 0.508 0.504 0.486 0.473 0.475 
O2-* 0.917 0.899 0.957 0.884 0.856 0.873 0.876 1.006 
OH-* (v +w) 3.083 3.101 3.043 3.111 3.091 3.031 3.124 2.963 










6F 17 18 19 20 21 22 23 24 
SiO2 35.61 35.47 35.24 35.51 35.09 35.56 35.37 35.82 
Al2O3 25.39 23.85 23.85 23.65 23.52 23.44 24.07 23.97 
Cr2O3 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 
TiO2 0.23 0.20 0.20 0.21 0.31 0.36 0.37 0.53 
FeO 15.31 17.76 17.79 18.16 18.23 17.23 16.78 16.70 
MnO 0.00 0.00 0.00 0.00 0.03 0.00 0.03 0.00 
MgO 7.91 7.43 7.43 7.53 7.56 7.52 7.75 7.62 
ZnO 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.03 
CaO 0.01 0.01 0.01 0.02 0.02 0.01 0.00 0.03 
Na2O 2.89 2.84 2.84 2.80 2.88 2.81 2.87 2.79 
K2O 0.07 0.08 0.08 0.08 0.09 0.08 0.08 0.15 
F 0.00 0.19 0.19 0.10 0.01 0.00 0.09 0.03 
B2O3 * 10.38 10.29 10.27 10.32 10.27 10.23 10.29 10.32 
Total 97.81 98.14 97.90 98.38 98.02 97.27 97.70 97.99 
Based on Cations =15 (excluding K+ Na+ Ca) 
B 3.000 3.000 3.000 3.000 3.000 3.000 3.000 3.000 
Si 5.961 5.990 5.966 5.981 5.936 6.040 5.973 6.031 
VIAl 0.039 0.011 0.034 0.019 0.064 0.000 0.027 0.000 
Al (Z) 4.970 4.736 4.725 4.676 4.625 4.693 4.764 4.757 
Al (Y) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Cr 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000 
Ti 0.029 0.025 0.026 0.027 0.039 0.046 0.047 0.067 
Fe 2.026 2.367 2.373 2.408 2.415 2.315 2.235 2.229 
Mn 0.000 0.000 0.000 0.000 0.004 0.000 0.004 0.000 
Mg 1.974 1.870 1.875 1.891 1.907 1.904 1.951 1.913 
Zn 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.004 
Y-site total 4.030 4.263 4.275 4.326 4.365 4.268 4.237 4.213 
Ca 0.002 0.002 0.002 0.004 0.004 0.002 0.000 0.005 
Na 0.938 0.930 0.932 0.914 0.945 0.925 0.940 0.911 
K 0.015 0.017 0.017 0.017 0.019 0.017 0.017 0.032 
X-site 
Vacancy 
0.045 0.051 0.049 0.065 0.032 0.056 0.043 0.052 
F 0.000 0.102 0.102 0.053 0.005 0.000 0.048 0.016 
Fe/(Fe+Mg) 0.507 0.559 0.559 0.560 0.559 0.549 0.534 0.538 
O2-* 0.973 1.095 1.070 1.036 1.123 1.023 1.022 1.132 
OH-* (v +w) 3.027 2.804 2.829 2.891 2.959 2.878 2.930 2.852 
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